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�
1 � � �

1.1 CP �����
	���� ,����	�*����� !8Q C ��� ( ��N�������� ) � P ��� ( �S��g������ ) ���������� # CP ���! Q/,���� g�,	���S
"�#� �%$'&(���� 1960 (���) ! Q�,	�E�yg�,S� !�* ( �(]�+�&�*�IQ@��B�-, CP �/.�6 ! B�� �10�2 / 60QI"S#,%�43�.�
%.'6 ! ��5�476 !��@B�. 0 #� �76�8)9 1964(0�	Q CP ��9���9�: �(!���5+426'!@� � Q�.�
p-) �%;�<(�-�X��$
9�= < K5/ 6�Q%>�?@3�.�
U�
, ! < /8.��-B 0�!��@B�� � �A>�?0
/BC& ! Q CP ��9��
9ED����S$&
/F4G &H;I<�9 � <y
�.8Q
�0� � !/J �#�Zp�) �LK�M
� �ON���9�*�I
 .k�
�QPR6��2&� � Q CP ��9��0�/S�T8
 :�; � K �
�I� � B ���I���%U 0,#I"�#'9�V��*�7W�� !��0�# X 5*x�Brj)��E� ! ]�Y,%��Q�Z{5�x�Bkj����&� ��[]\�$-�����@!@3 CP �#9	� !7^ � BE�
� �%_�P  %[�\ ! QUg���G ( g�,�� ) & ! B < �SG ( ,�� ) 9�`�a,%
�/b�c�&��0��9�Q CP ��9	� ! Q6(
I��G�b�3	� �%;'<(����

�7d#e]f-&�� �� 6�6$& ! � � K �*�(�S�m� CP ��9�� �-3 � !�g�h-�'i8���'#�� [1]  

1.2 jlk K jnmno p CP �����
5]qb�5Or���& ! QS`�VUj*:�/��	` �#3 ���(�0�*�(�*� !7s 
ut �@9��*�� 
• K0 = (ds) 
wv��S� S = +1

• K0 = (sd) 
wv��S� S = −1x ��H�J�K�L�& ! |∆S| = 0 9�_ �zy � 9&QO{��IH�J	KSL-& ! W boson |~}�
7�7��& |∆S| = 1 9� 4 6 �(
(&�Q W boson ��t�}E������� ) s 
IO�P�& |∆S| = 2 3 � 476 � ( � 1.1)  � 0)!8Qw��� 476Q� K �H�7�'�����E�-,w�H�4���w���#� ! K0 � K0 � ^#��� �� ��C���A�i�� CP d��-�����]���/�H 4i¢¡~�7�E�4��������� ! CP �#�������#�C��� � �I�A� C ��� ( �£ ������� )
!H¤ � �1¥ ¤ ��� ¥ �u¦R ��R���]���

C(K0) = −K0

C(K0) = −K0

� ���/� P ��� ( �#� ¥ � ) �/��� � � K ���/�#§�¨©PEt1 #� ¤ �I�/v ��ª ��«�¬E��� ¥ ���E]®§ ¥�¯ ���A�
P (K0) = −K0

P (K0) = −K0
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W

s

W

d

Κ
0

Κ
0

ds

u,c,t

u,c,t

�
1.1: The Feynman diagram of K0 and K0 mixing.

����� � CP �����w��� � �
CP (K0) = K0

CP (K0) = K0

� ���/�	��
��� CP ���"�������#�
K1 = 1√

2
(K0 + K0) CP = +1

K2 = 1√
2
(K0 − K0) CP = −1

� ���/�
K �w�%���������������������! "��� π �/���#�%$'&������(���C� π

ª
(π0π0 � π+π−) � CP = 1 �

 )�4� π
ª

(π0π0π0 � π+π−π0) � CP = −1 ��*' ��E�]� K1 � 2π ��� K2 � 3π �($+&]�4�A� Q,
(mK − ∑

mπ) ��� K1 �.-�§�/�021#��� K2 3 ¡��546�)$�&'�-�7�87�9����	�:�#�¢� K ����������/�H��§	;+<"�'=�>�§ 1000 ?�@�A�¨CBED�  ¤ ��§F� '� �G� 1 � ��H%
�I8
�J:=�>I�'-C�
Ks �2K�=�>#L:M-� KL

�ON 0A� CP §�P�Q]�4�w�R�"� Ks = K1 � KL = K2 ���'�w�� �.SR§C� 1964 T!URVEW8X	Y+Z'Y/�U'[2\8]	YA��^�_)`Oa]�.b(c	\ed�§'� KL ��� π+π− ��$�&�4���A���%fgFg��« [3] �A�#�Q¦O
�«A�g�#� KL §�h � ��i £ ¤ �	�'$�&C�4��j#k4�#l�� π+π− �
$�&C�I�����#�

K0
L → π+ + π−

K0
L → all charged particle

= (2.0 ± 0.4) × 10−2

��m ¬R�n
4«��o�7��7�p]�:q+� � «��.��� CP �#�����#�#�]�C� ��r �5� 1�« KL
� Ks §C��7o�

CP ���"�������+���'� � « � 1�B�� � �����w� CP �es�
o�8t¢¦%1��/���5u�t]�A��v ε ��w �G� �
K0

s = 1√
1+|ε2|

((K1 + εK2)) ∝ ((1 + ε)K0 + (1 − ε)K0)

K0
L = 1√

1+|ε2|
((K2 + εK1)) ∝ ((ε + 1)K0 + (ε − 1)K0)

�nx#y �/�2z�{4�%|	� ¤ � ��¥ ¤ �I�2}�~��+�-����� � 1I�w�
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���
CP �es�
��%@A��#� K0

L
� K0

s § 2π �8$�&C�I� ¥�� �����C���]� x �7�
|η±| =

∣

∣

∣

∣

A(K0
L
→π++π−)

A(K0
s→π++π−)

∣

∣

∣

∣

= (2.269 ± 0.023) × 10−2

|η00| =

∣

∣

∣

∣

A(K0
L
→π0+π0)

A(K0
s→π0+π0)

∣

∣

∣

∣

= (2.259 ± 0.023) × 10−2

��m
	 ��� 1�� [6] �
K0

L ����O�I� � �	�+� 	 �#� CP = −1 �/��� K2 � CP = 1 ���]� K1 §�� < ��� �g�����
�!����$�&]� CP �%s�
�§��	< � 1'�w����
-� indirect CP }:P�Q � 1 B � � �:SR§C���������:����

CP §.s@������� �"!#�]�C� (direct CP }:P�Q ) �A  	 ¡ � CP = −1 � K2 ��� �#� CP = 1�/�#�%$:$+&�§���!��C�'�+� � �'&)(����7�g�H�*�%�	���#��+I '�4�#,�-#c�§4� ¡~�#H��#lw��.� �� ]��,�-�c���/�0	��1)2����7� ���"�C� ε′ � direct CP }#P+QI�es
��'/R0#¦7�(���H�v���C�/�
• U�3e\oU54�6 ( t�7 · 8%9"4�6 )

U�3e\	UE�E���-�/�#���g�]��:�^<;8\*=R\��'�/�#�#����> ��� q y �'� ¡ �  @?%A�B�C-�
U�3e\gU%§'�'�ED � �+H���� � ��F � �%��� CKM G%H VCKM [4] ��I�JLK/��§�M¢�H«�¬+�
CP §:s:
¢� � 1�BN,*-+c��5O�P"4�6'�%Q8b%Q+Y�R�S#YA� charged current L:M�� Lcc

� �':
^T;2\U=�\E�]�"�����-�7� uL = (uL, cL, tL) � dL =







dL

sL

bL






� � �4� � �

Lcc = uLγµVCKMdLW µ+ + (h.c.)

�nNWV �w� CP �����I� �
CP (Lcc) = dLγµ(VCKM)T uLW−

µ + (h.c.)

� � ¡ � V †
CKM = V T

CKM ��  	 ¡ VCKM §:7+vC�R� X CP �8P+Q]���%§'��I�J+v4��Y�Z�§
M ��� 1)[/�H� CP §.s+
\[/� �#] �����#��^#_A����� u � s � t §�`Wa�b��#H���c � �+vo�
I"J�Y"Z�§�M �5� 1�[7«�¬���^�_/����d � �/¨CB , �*c � §%�e!g�E� � «�«E¬�� CP �%s�
§%� <%[ � fTg [�� � §#��0�[w� �A�#,�-c�� ε′ ∼ 10−3 �'h�i��<[A�

• super weak 4�6j 1*Z�k"l�m�� 10−10 @+A���n�¦O��� ��� |∆S| = 2 �po!����Z�k�l%m (super weak interac-

tion) §�Q#q]�)[�� � � 3 ��� CP §.s�
\[',�-�cC��w�*Z"k�l%m�� K ^#_w� ª �%�#r+�����
	 « ε′ = 0 � |η±| = |η00| �'h�iC�)[A�

s q�t �O
 � 1)[G7�p , [6] �������
|η±| = (2.285 ± 0.019) × 10−3

|η00| = (2.275 ± 0.019) × 10−3

ε′

ε = (1.5 ± 0.8) × 10−3
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� � ¡ � 	 « direct CP }�P�Q��+@�� f�F�¦�
	1H��1�«�¬��#,*-�c'�����o����� �G� 1H��1 1 �	�� 3 Bn� CP }�P�Q'��o���§"O�P���� ( t�7	� 8�9�4�6 ) ��
 lA�e1�2E��0#[H�8��� super weak �
3 BO���I«H�)[5Z�k�l%mI���M#�<[�����§C�T[/�2�4��2 ������)[A«�¬��:��� direct CP }:P�Q��
@-�%f�Fg� ����� �����
[�� � >��]�C��[w�

K ^#_��I�����
Q �(\�!.\�� x 1.1 �8�"� [6] �¤ � �H� =�> (τ) cτ

Ks (497.677) ± 0.016MeV (0.8934 ± 0.0008) × 10−10sec 2.7 cm

KL (497.677) ± 0.016 MeV (5.17 ± 0.04) × 10−8sec 15.51m

x 1.1: The parameters of neutral kaon.

11999 # 2 $ 24 %'&)(+*-,�. Fermilab & kTeV /10�2)354+687:9+;=<->�?=@+AB, direct CP violation(ε′/ε) CEDF�G=HJIEK�LNMBO 4�?QPSR H+T
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1.3 K0
L → π0νν �����������
	��� (KEK-E391a)

��� �:b�c	\�d#� � K0
L → π0νν $�&C��M��#�4�������)[ 7�p�������� � 1�[ (KEK-E391a)[5] �

�/�e7�pI�LE�:� � K0
L → π0νν $:&I��M��e������A�� ���������pO�P"���I� ��!#"%$'&eH�
)(�*

g [Q���.1�+��)(�,.-�/10�[ 2 ��3�7�p4365��)(87o�2�"�#2

1.3.1 9;:'<1=)>
�?3($�&g��� direct CP }#P�Q���@�@BA#C)�D/10FE CP }#P+Q43�o �g�%2R���o���L[ [7] 2 ��3

��@G3 feynman diagram ( � 1.2 �2� �#2�O�P����	� 3 [B&OM��"�o� �

W

t

s d

Z

υ υ

W

s d

Z

υ υ

t

W

s d

Z

υ υ

t

W

t

�
1.2: The Feynman diagram of K0

L → π0νν.

B(K0
L → π0νν) = 1.22 × (Im(VtdV

∗
ts))

2 · X(xt)
2

/H0)[?2g�� / xt �"� W boson & top quark 3#I%JK( MW � mt &'� � xt = mt/MW /40LE1�
X(xt) � xt 3%M(vB/#7G3 3 Bn� NWV [ [2] 2

X(xt) =
xt

8
· (xt + 2

xt − 1
+

3xt − 6

(xt − 1)2
· ln(xt))

��
 3 E�MB�#�o�N5�O top quark 3?I?Jg���%P"�)[N21Q#�%��C�|R(�� Wolfenstein 3��LQ �%\�!'\
/ N ��& �

B(K0
L → π0νν) ∼ 1.94 × 10−10 · A4 · X(xt)

2 · η2 ∼ 3 × 10−11

/%0�[ [11] 2 C'| 3 E q.�)[ 3 BE��� �83GM#����3S�D!N�NT#� 3 E)� s q'z �VU?T�3%/g051 η(or Im(Vtd))

@D�#A�� ��q��
[62
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�63�,�\��83����43��	����� ε′/ε 
 B −B ���o�����e���T�NU%T%@ 1% &Ot Q�1	�B& /�0T[ [8] 2
��	� K ^e_��G3����2c��g\��	�g���#n�1�Z�k�lTm�� 3 [���� ���g���������;3?/�0� �1 QCD

3"!$#�@#Q�q � [�2H%3�!�#	��%&�'[�Y�G%H ��JH/ x Q 
 [�@ � KL → π0νν 3�G�H��%Jg���./
�N��T Q 
 � 1<[ K+ → π0e+ν $+&���� m 	 [�'	("�8}	���B���;3�)$*	� 3 [�U�T�@+ �, [
[8][9] 2;Q+�e� �2$�&+{G3"- ��@ ν 3�'�(��#H#3�.�/�Z�k�l�m�
 QCD 3�����	0K&2143�5�6�/�0
[62 K0

L → π0e+e− 3 3 B � CP P+Q��+@G3�7�8��9 o1 [10] 2": �5� � KL → π0νν $+&%��T	� 3
E1� j 1*Z�k�l�m� 3 [ direct CP }�P�Q���@R(<;�j	� ] � �<[+�B& @��"!�/B0�[62
O%P����)(8* g [�+���@+Q�q���'�D�� KL → π0νν $�&	�8~�� � �='� L[��#@�@�> g [�?g�2M

�"�o��/�0R�@ <[�-�A:��B	C�@�/ [N2"D#~��#�����	� 3 [2B$Cg�8v , ���D���'QO
 �$E E)�(M��
������F 10% @#A�> g [B& h�i�Qn
+F1�[ [12] 2HQ�5��� indirect CP }�P�Q���@43es�
G32/�0.Q
(�� � εk &G� ��G-�A'�D/L[��B& @"h�H Q�
�F1)[ [12] 2":&I9F ��J:M� �K��D@�t �n
�
�X ��O
P����R(� g [ +��G3.F g [U�"!+�.@�Lg1�2

KL → π0νν $�&G3 +��;(���B�M#� 	 &9(<[62
1 CP }�P�Q43*o��R(e22jg�#/�0�[ 2
2 CKM G�H43���JB/"� s q+z�� UDTG38/�0�1 Im(Vtd) (8�+A�� � �+()[+�B& @��"!�/B0�[62
3 O�P����)(�* g [S+��g�8~"�)[�N+A%@B�#1.2
4 %O�'[e] `.U� �P	;	Q�@o1��R 1�'�( �����43NUDT�@ 1% & t Qe1%2
5 M��"�H3�����h	Ho� 3 × 10−11 /10�[62

�N3 3 BO� �����W�+����0�S���HW�K&%1 g [ @ �(7+pg��T�(�F�UWV�X%2ZY2[ 	 /�t]\^[+F�X�[�_
��`43�a�b+c�d�e�f�g 10−6 /B0+h [13] 2

1.3.2 B i�j�k
B l�m�n&o$p�'$q CP r$s�t4u�N�v�@+wOx�XZYH& @$y�zOI9F E E{q direct CP r�s�t$|$})3�~� @	���'Q�[=F E E�q B l�m�n���w%JZu���I�F4��3��$�O������h<a�b (B-factory) @=q	������f

KEK-BELLE a	b��+q�������f SLAC-BABAR a�b��+q9��p	�<u	���=V+�=���"V�F$X+h�� B l�m
n=�"a�b�o�p��	q CP r$s�t4�"�	���� +¡�¢=h�����o�u�q CKM £$¤4��¥�¦��<§�¨=h	Y��©����x"qª u unitarity ��«�¬	4��¬�vW��®�¨�h	Y+�©�$��x�h"��¯&°9±�q KL → π0νν � B l�m�n4�"a	b��²�³ °9±�q�´�µ	¶	·���¸	¹���x�h�Y+��u�ºZh"�
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1.3.3 �������
KL → π0νν ���
	�f�q K0

L → π0(→ 2γ) + nothing u=��°9±�ºW� [�h���¯O°R±$q�a�b+f 2γ ��������� �����W����	���±�q=����u 2γ ���=� Visible �	n+f�t�����º! #"�����s	¹�¢Zh%$�¥$��&
h"�$������¨�¸�'�(�f*)!+�,���-/. � ¢Wh%$�¥��0&�h��*1 1.2 u K0

L �	�=�"_!2�`W��3+¢ [6] �0"
��1]�54 K0

L → π0νν � K0
L → γγ ���4u	f$q�6�7!8�� 2γ + nothing f�t�����º! �������9=���

�;: �5< f�q/=+º?>���o�@BA$�DC!EF��n$zHG
A�� γ u��	��¢=h����!I"�$��JLK$��&+h"� K0
L → γγ

f�qLMN)4u back-to-back º$���$q missing momentum �DO�P]�©¬	vW�
Q�°�±!I����"¢=h��
���;: �#< _;2�` Max 2γ − Pt(MeV/c) Visible particle(additionals)

3π0 (21.12 ± 0.27)% 139 6γ(4γ)

π+π−π0 (12.56 ± 0.20)% 133 2ch-2γ(2ch)

π±µ∓ν (27.17 ± 0.25)% - 2ch(2ch)

π±e∓ν (38.78 ± 0.27)% - 2ch(2ch)

2γ (5.92 ± 0.15) × 10−4 0 2γ(non)

π02γ (1.70 ± 0.28) × 10−4 231 4γ(2γ)

π0π±e∓ν (5.18 ± 0.29) × 10−5 207 2ch − 2γ(2ch)

π±e∓νγ (3.62 ± 0.26) × 10−3 - 2ch − 1γ(2ch)

π+π−γ (4.61 ± 0.14) × 10−5 - 2ch − 1γ(2ch)

π0π0γ < 5.6 × 10−5 209 5γ(3γ)

π+π− (2.067 ± 0.035) × 10−3 - 2ch(2ch)

π0π0 (9.36 ± 0.20) × 10−4 209 4γ(2γ)

µ+µ− (7.2 ± 0.5) × 10−9 - 2ch(2ch)

µ+µ−γ (3.25 ± 0.28) × 10−7 - 2ch − 1γ(2ch)

e+e− < 4.1 × 10−4 - 2ch(2ch)

e+e−γ (9.1 ± 0.5) × 10−6 - 2ch − 1γ(2ch)

e+e−γγ (6.5 ± 1.2) × 10−7 249 2ch − 2γ(2ch)

π+π − e+e− < 4.7 × 10−7 - 4ch(4ch)

µ+µ−e+e− (2.9 ± 6.7) × 10−9 - 4ch(4ch)

e+e−e+e− (4.1 ± 0.8) × 10−8 - 4ch(4ch)

π0µ+µ− < 5.1 × 10−9 177 2ch − 2γ(2ch)

π0e+e− < 4.3 × 10−9 231 2ch − 2γ(2ch)

π0νν < 5.8 × 10−5 231 2γ(non)

e±µ∓ < 3.3 × 10−11 231 2ch(2ch)

e±e±µ∓µ∓ < 6.1 × 10−9 - 4ch(4ch)

1 1.2: K0
L ���4�"_R2�` [6] �
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1.3.4 �����
a�b�f�q KEK ������( 12GeV 	"n�
����������	��Q# 	q�¸0'�(+f��0-������ �����/� u��
>���	��;&+h ( � 1.3) �

�
1.3: KEK12GeV PS �! #"%$�&('*)�+%)-,�.�/�0�1 PS 24365�&879&�:;.

KL <�= 2�>#?A@�B�C �%D*� 1.4 E�F%G�.
>�?H@�1�G�I�J"(KL7-3H)�'�)AM�N�OQP!R�S γ TU�WV�X�Y�Z[2�\�]A,�^%)��`_�a DHb�c G�d�.�>
?-@�1(S π0 egf 2 γ

Dhb�c G4d endcap i�j (CsI Slk ) � veto m%2�nUop,�i�j (Sandwitch Slq )e8f N�OLP!R�SAr%E�s�)�t%u(5�& egf#v d;nxw�yA:u($�&z DH{%| d6}�~ double decay chamber

���U��N�� D��� ( ����� ) . Doubule decay chamber 1 endcap( k ) ��s�)�t�u�5�& DA������� �� �WEAN�OQP!R�S�P f E <�=���� (fuducial region)
�[��� M <�= G�d�5H�[&4� D6�*� G�d�}�~�����(DH� ���E �#� J(�%dA.���E�s�)*tu�5�& eLf 2hnxw�y-:(u�$�&z!���%��S¡ ��(¢!1 CeF3

DH£
��¤ c M�¥d [14] .¡¦!1�§[u©¨�ªLw6y�«(&-ª¡o-)�'*)6MSHV�X©Y�Z�� endcap i�j�E6¬¡dA�2 veto

E £(® Rgd�.
K0

L s�)*t©1�S`>�?H@ e8f 10m ¯�°�2'�)h±8w��²E�³AZ D�´ J�J�µ�O�G�d�.�¶�2-·�¸�26¹ � 2A�º 1�S Pencil beam line ��»�¼©RQd#q¾½#2(¿87-3H)�'6) DhÀ � �*Á a(M £Q� J(��d�¶��pM6nxw6yh:
u�$�&%z D-Â v {%| }(s�)©t�u(5�& D-£ �h¶�;M%¥�d6.�¿o(3A)8�!1 �ÄÃ ½ D s�)�t D�Å vpÆ-Ç
d � �²E Á a Æ S`È � 2#É²½ D ¿�)�&pÊ�E Á a�G�d�¶(�9E �#��Ë K6)-Ì[ÍhÎ©Z D�Ï fAÆ J��dA.*«
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γ

γ

  Fiducial Decay region
2.7m

Lead Shint. Sandwitch

pure CsI

CeF3

1 2
4

3

6

8

7

9
5

�
1.4: KEK-E391a >#?A@[2�B�C � [5] .

��� o�)©«��9&�E � d%� 2mrad � M Æ-Ç RLd�¶�!��¤��8P`RJ(��dA.�� � E
	 ® R#} K → µ + e

M�1(S � ½M�� v ¿g7�3-)g� Æ S�(½M Å v;ÆAÇ d���� D � � }6��S��[E�n�w©y6:�u�$�&[z;���| S���� � 1 7mrad M¥ � } [15] .�
1.5 E�S6��E[¶62�·�¸�M����[2���� � endcap i�j[2("K87A3h)('©)�2 Á a�� D FG©.

x

y

� 1.5: E391a �! 4� endcap -�#"�$ � � � ��%!��&��0""��'�(*)�+�,.-0/�1�$	¥32R&54"�
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1.3.5 ���������
	���
� ���� ������ ����±! *4 K0

L → π0νν ���=��(!2���������)��! 10−6 2��#"�º! ��#"����� $&% � >��"±! 4R¶(' $ �*)���+���¨ 4"�
1 ,.-�/ �1032�4 �*��)�� 94�!����" �0> 4 π0 5 ,#-�63�Z�#487 �9�=� π0 1�:1;<�*=L��¢ 4
,
23� π0 �#>�?�@ $ £BA$º > ± )� DC	º! �E

2 ,#-���6GF in-flight decay F�H�¨B�#I�JBK3��L��
1�=�ºR �E
3 K0

L → π0π0 "��.F�.NM©�#O 2 �*� < $ IDP�¢ 41H�¨���) π0 F*Q�-�R $ 10−8 ��S��*T3U�V
>XW!)� �C�VR �E

KEK-E391a 2!)�� Pencil beam line 5 double decay chamber F.YBZB�G[#4\��] 5 @^"�_�> 4�.�M
�1O 2 ��� < ��`BV�A(a�/�b 0�2�4 �.cBd 5 IBJ<K��eLG�3F*fg."_
h�4jikMDl�O 23mBn<o )3�
S/N 2 10/1 p!/q+�2Dr�s32ut�43vxw�y�gx�<W�z54 [5] E
+ ,|{�}�V*i~Mel!O 2�m1n�o )��(��F#��6�F�Q�-�"�_��<�04�E#���<����)�� K0

L → π0π0(→ 4γ)

F 2γ F&���e�e�D�u�eH#����� 2γ + nothing vjV 4�HD� K0
L → π0νν v����02�t.Vkh\V 4&�e��-�1� z�E*�
��F1���~v )������ "
$!b��Db�����601���H��&W3z541� ,j"�"�A�_����#�
��1 2
t!V�z� v $ z~�^E K0

L → π0π0 F�(3�D�*) 9 × 10−4 V�F�2�(3�D��F�� $ v�4�v.�
B(KL → π0νν)

B(KL → π0π0)
=

2 × 10−11

9 × 10−4
∼ 10−8

vjV 4�E � � )�� 1   K0
L → π0νν ���!1�c(t�H�¡�� 108   KL → π0π0 ���01�c¢t�4 � v $!£�¤

`54�E�¥<+
¦^� 108  �� 1   2γ F!�G�e�1�e��` 43v K0
L → π0νν v K0

L → π0π0 )§]©¨�]«ªe¬�B`® E*¯¢�&W�°�±�²�³*` ® HD��´�µB° 1γ ��H~¦ 10−4 Fe�D¶�·��u�!¸�R�¹�º<»�´�V ®�¼½ º�ªe¾�¿ ® [<��´�°j�1¶�·D�G�&¸�R�µ#i¢À�l#Á�Â m1n3o ³ÄÃ ® ºBªeÅ3�eW1Æ�ÇBV1ÈGÂ�É.b��*b
ª�� ®e¼�ÊBËBÌ ªBµ endcap Í�ÎG´*ÏÐ� CsI ���Ñ�É.b��Db*Ò�Ó�° veto Z<ÔeÕ n#Ö Ñ n Á�����Ñ
É.b��eb�Ôe�D¶�·��u�!¸�R�Ô�×�Ø
³&Ù��#Ú ¼
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�
2 � γ � � � � � � �

2.1 γ 	 
�������������
γ ��µ�����´D�� � ® vÄ�"!�¸$#�°&% n#Ö('.n*)$+�, !�¶ · -.!�¶B¨3�0/�´21u¦43 576&8:9B³
�u��W�z~h [23]

¼ 1G¦ � 3"5;6<8�9e´DV ® v>=�Ô;?§¦A@u�!ª�°1�0B�C�9 oED0F�G 9GvIHKJKL ®NM$OP�Q ¹B��� ® [18]
¼&R Ú�° D"F<G 9�´TS"UVL J�¾��B¿�VKW"X�ª�� ® ¹�°1��Y�Z"[]\|��� ® [5][19]

¼
��� ª�µ�°"=IL_^.Ô7`�p
³*a&b�� ®*¼

2.1.1 cedgf2hjilk<m npo"m$qsrti$d2u · v d2usw2xey
�"!e¸"#<µB°Kz�¶s{D´�!D¶B¹ γ �GÔ.3$5E6 8&9�³V|�}
�*W�!�~<� ® P$Q ª�� ®*¼ ��!D¸"#GÔE�

�KW.X�µ�°|.�B�1¶�ÔK3�576$8�9�³ Eγ ����ÔEz�¶.�$�<³ Z °*!K~3´V��ÇBV�3�5;6<8�9�³ I v#�#WB°
σphoto ∝ Z5 × (

me

Eγ − I
)

3

2

ª0�$�l^�LG°D�e¶uÔ�3$5V6<8&9DÔ 3
2 � ´KZ�S��<� ®*¼ � Ô P$Q µ�°D�e¶~v�!�¶<�$��ªBµV�"�"��¹�0� �1V�zBÚD��´T� ��ÔE�&�B°7z�¶0YGÔ ��� ¹0��Ç�ª�� ®#¼ ¯��ÄW���!D¸0#<µ K �3ªT��\N� � ¦, �Bz ¼%�� Ö_' � )0+ µ�° γ ��¹.z�¶G³*� ®I� ´�°*zD¶:{�ÔV!e¶����0�u�#W.!e¶u³;�s ¢¡$J"� P"Q ª3�®�¼ �B�.W0X�µB°

σcomp ∝ Z × 1

Eγ
(log(

2Eγ

me
+

1

2
))

ª0�$�l^4LG°V£"¤B��¶GÔ.3$5K6�8&9D´�Z�S"�$� ®*¼ %$� Ö¥' � )0+ µB°Kz�¶g{�Ô$¦�Ô7!�¶t�.\V§¨�© Ô;W$XBªT����� ® Ú���´�° Z ´VS0����WT� � ¦ , �Bz ¼ )0+lª L�ÚK!e¶�ÔE�$«�3"576�8<9eµB°¬0 �0�GÔ#���3ªB°
Ee′ =

2 × Eγ

me + 2 × Eγ

ª0�$��^¢L�° 137Cs(662keV) Ô����<°&%�� Ö_' �I®GÔT3�5E6 8<9eµB° 477.7keV ª�� ®�¼!D¶ · -T!e¶�¨���/3µ�° 1.02MeV
½ º�Ô1�e¶�¹.z�¶�Y�Ô:¯79��"�j��³I� ® ¡�´�°��1¶�¹.°�±u�e°!e¶t�*-.!�¶�¹��./ ª L ® P"Q ª�� ®*¼ � Ô P$Q \�°.3$576 8&9e�²�"���GÔ �"� Ô�Ú���´s¯K9B��j�GÔ ��� ¹0��Ç<´�V ®*¼ �./0W�X�µB°

σpair ∝ Z2 × (Eγ − 1.02) (Eγ ≥ 1.02MeV )

Z2 × log(Eγ) (Eγ � 1.02MeV )
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ª0�$��^¢L ®�¼ ¯��&WB° γ ���²�$��Ô7Z"[�µB° � 3$5V6�8 9e´�V ® ��¨��0/�¹����:��´�V ®�¼Z"[�� �� ³>���	� ��
 (Z) ���D¶GÔK3<5E6 8 9�� ��
 ª R �&� ® �.°�<Ô:1u� ´�V ®*¼
σphoto ∝ Z5 × (Eγ)−

3

2

σcomp ∝ Z × (Eγ)−1

σpair ∝ Z2 × Eγ

�  BÔ#±�²�ªeÏ�����Ú CsI Ô7Z"[�� �� Ô.3"5V6�8&9�� ��
 ³�� 2.1 ´��<� [6]
¼

10
-4

10
-3

10
-2

10
-1

1

10

10 2

10 3

10
-5

10
-4

10
-3

10
-2

10
-1

1 10 10
2

10
3

Tables for GAMMA in CSI

PHOT X-sec (1/cm) COMP X-sec (1/cm)
PAIR X-sec (1/cm) RAYL X-sec (1/cm)
Tot X-sec (1/cm) Mean free path (cm)

photon energy(GeV)

� 2.1: CsI � γ �GÔ7Z"[�� �� Ô�3$5V6$8&9�� ��
 ¼ � Ô���µ GEANT ³.Ï��&W O�� ��Ú ¼
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2.1.2 ���������
	�����
� 3$5E6 8<9�Ô γ � ( \����9µ�!D¶ ) ¹0����´*���� ® �Ä°T!�¶�� -�!e¶B¨��0/�¹�� � ¦X°�=�Ô!1¶�µ��0�����<°V-K!e¶3µ1¨.°.±��G³�� � ¦X° γ ´eVk¦8°.= Lq³I? ¦A@���W.!e¶<°V-K!D¶�° �1¶�¹!#" � ®�¼ 3´
$�%.Ô &�¶�ÔK3<576�8<9!¹('�) 3"5V6$8 9 ε ∼ 500MeV/Z ´�*�� ® �.°��D¶�µ1¨

�./�1�+;\�%$� Ö¥' � )"+ ��´s1 ® 3�5V6<8&9-,�.�¹$«� �� V�+^°�&�¶�/<µ
0�1��D°7��2�´�µ
3
&�¶B¹�|0} ª L ®�¼�4 Ô P"Q ³�50B0C$976 D$F G 9g�98;: ¼

� 2.2: CsI 5=<qÑ*É>9?>T9�Ô?50B0C�9@6 D$F<G 9DÔV� ¼ Eγ=500MeV ª3° GEANT ³&Ï�AÄWCB9D� ' ³ �0/C�eÚ ¼
&�¶#/�Ô !�E µB°�F�´1¨��./<´g1GA.W�� 4�® Ô*ª�°��0�?Hu³ LR ���eÚ2�K #°7�<� nLR ��`�2
µ 2n $3´�VCA�W��I+X°KJ�&�¶�Ô L�M<3�5E6<8<9*µ Eγ/2n �jV ®�¼ =��!W?'�)�3"5;6<8<91´�V�A!ÚN °K&�¶�/�µV��«�´�V ® ÔeªB° NMax = 2n = Eγ/ε ��V ®#¼ 500MeV Ô
�D¶�¹�° CsI(LR=1.85cm)

´*��O�DÚs�K #µ�°�L�M;PQ����H (∼ 7cm) ªT��«�´�V�+Xª 15 $ ¨�© Ô &�¶�¹��0/ ª L ®*¼D�F<G 9DÔ#"�=R(S�Ô7��*�µ�°V����Ô�T ª ³ t = L/LR ����W3°
dE

dt
= EγAtαexp(−0.5t)

�VU#W ª L ®#¼�4�4 ª�° α ∼ 0.5tmax ° A = 0.5tmax+1/Γ(α + 1) ° tmax = 1.01(ln(Eγ/ε)− 0.5) ªX ®�¼D�F<G 9�Ô Y7R(S�Ô�Z�¹[+9µ3° D�F<G 90{�´���\�Ú�] 3$5K6$8&9�ÔV!�¶B¹#^�Æ )�+ ³>� 4 �3Ú_ ´��@\ ®�¼ D<F G 9�¹#`=R(SD´[ab����H�cA�Ú N Ô Y�R7S�Ô�Z�¹[+\µ�°�d Ñ 3�9>6?e�f
RM =

21MeV

ε
LR
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ª��������g^ L<° 3RM
½�� ´�µ D0F�G 9eÔ 3�305>6�8�9eÔ 99% ¹� ®.¼ CsI ª�µ�° RM = 2.3 ���

H =4.2cm ª X ®#¼ Eγ=500MeV Ô
�1¶�´�¨"� ® CsI 5�<
Ñ#É*9�>T9DÔ	��
<��5�B�C"9(6 D0F$G 9
³�� 2.2 ´ � � ¼
��¶�´g1 ® 5�B0C"9C6 D<F G 9�ÔV� 4 + , � ª µB°V��GÔ����./�¹�� 4��0R�� Ô��$~<´�� � ��.¼	�&R + ° ���#H LR ¹��=8>��� ¨ D0F�G 9#¹���  , � ��� �*¶�Ô�����¹� ª �XV �!¼ § N�� LR

Ô��787�"� ¨ � D"F�G 9�Ô�Y�R=S�Ô Z�¹ +I\�� ª �9V +��9f��Î� �!�¹�1@�\V �!¼ KEK-E391a Ô17: � ���#"	� ª � �eÚ0�7L�J$�s1@+ LR Ô�� ª 8E� �%"�&('E�BÇ�¹ X �*¼
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2.1.3 c������ (photonuclear interaction)

��Y�Z�[ (photonuclear interaction) � �G���
	���<z��$Y � |0} ª L � Z�[ � X ��� z���Y
�T|0}����.3�5E6 8 9 � 1#A.W��"�%���0� ������� ¦����I%�� ��� � !�" � � +�� 10−20sec #l^
10−23sec

¨0© �%$�& ��'�( �*)�+�,��03"5E6"8<9�".{ 
 �(�NY��(� �������%- � �/.�"E� ���10 %
�*243 � ��5t��� � / MeV #�^ GeV �
��Y"Z�[��VZ"[�� �� ���G���6��3$5V6�8 9 ��7 � � �� ���
�8���T3�576"8<99	 30MeV :<; � ����=*«8>�?�� �<� (Giant Dipole Resonance,GDR)

� 1 �
�8�6�K|.}�	��	�:� � X + ��5"B0C$9�6 D�F G 9�� �  � � /6@���A&9�B:9 � � ��� =E«������
���²�:���;Y�� 	G3�C �-�%)��.��D � �0��d4E�6 � X + ��� � >�?����
�����NY � ��F*���>{ 
 �
	8G�f�H � >8?�� �0�<D � d
E76 � X ��� �0�
I4J�K<L
E�� � 10MeV ∼ 30MeV

� X + �9M��N�O�P I�J�K<L�E 8MeV QO+ «� �� � ��. ª1R � { 
 ��� 1,2 $ � X ��� { 
 � "K��.���� 2���M
�
� O P "9S ��T ¦ � � ��8�	%��+4,��4I�J�K
L�E�"�U#A9)�8 �?4 �V	#^ �W�"�4!4" �?X ��� ���M4�
�<��XNY � / MeV � γ Z "K��.?�*)8[�\�!�" � U�] ����'4( ��$ &�� ��^ 10−21sec _ `� � 4 R ��M �N�*a�b4cCB<deK�� 10 f _ `#"hg�i8D ���=4 �8I4J*K
L�Ehj4k � �6d�E�< l�m�n/�
� _ � �*o
p#& �/����.���q4rts R )�u +vF��/��w6.�� 5% _4` � X ���Nx ��y�z �/��w�. "9{| � 2 3}U ^�~��4� R )�� � �8���9���6.h���N�*�����8� !<�<�
� � GDR �9�<����� z}U1{ |}�R )�u���� NZ/A ��� �<D/�4�
�1	 �4#��h)<�N� �� �
��I8J9K4L4E�	 30MeV ∼ 140MeV ����� � �<��F%�t��yhz��<� O8P8  � quais-deuteron( ¡¢ F�� ) £h� ¤
D/��-
��¥�¦ts R � ��§ ¨�©�ª « �4� GDR ¬��K�®����<�4¯ E�d�Q��9U�°±~²�%³
� 70µb _ `4�<�´�µ� � ����I J�K4L�E��1�
��¶/��¬ #<�*· ¸�DN� � � �N��I4J%K
L<E9	 140MeV

��¹ 1MeV �4y�z��º£h»�¼ 10 ½ w6.�D6� ��§ ¨ �*�<�8� �4z<��� NZ/A �����<D/� [20]
�

� �N�8I�J�K�L�E%	 π y8¾��N��¿�À�:4Á (Eγ > 140MeV ) ��Â4�8Ã<� π y8¾�Ä6Å�Æ�Ç��6Q���ÈÉ Ê<Ë�Ì�Í ��Î6� [21] Ï4Ð 2.3 � � Ä�� deutron Å §4¨�©�ª « Å�I
J�K
L�E%���4z�£9Ñ�D [6] Ï�Ò
��� Eγ

Ê
300MeV Ó8Ô<�� K�®eÕ�Ö (∆ resonance) �6Q8� � ÄNÅ�¥8¦ Ê ¯�E�d%�8Î/��Ï�4K�®VÕ

Ö6��Â4� π y�¾�Ä×�ØM�ÄNÅ%Õ�Ö�È É �
�´�Ù�� Kº®eÚ Ä×�h�×Û²��Ü 1232MeV Å%Ý�Þ�ß Ú�Ä Ê ��à
�eÈ É �
����Ï § ¨ Â4� N £hM4Ä×��á�â

γ + N → ∆ → π + N

Å/QNÛV�*¤�����Ï�ã8Å*ä�å
Â4�*æ��8â�ç�~ 10−23sec _ `����´�µ� 99% è Á Ê π y�¾�Ä×�ØM�ÄN��éê DN� [6] Ï
��Å�ë�ÆNì�í π y�¾�Ä
Â �%î 100MeV Åha4b�Ü�£<U���â uï�µ��ðÙñ Í ��òNÅ9M Ä×� §¨ Ê u/�}�µ¬
D���Ï�4K}®�ÕNÖ�Å ©�ª�« Å��<���4�4z�Â�� A ���4��D��4�
� Ê �4ó}�hâ<�N��Ï x
í ��Ð 2.3 Q/�Ù��ó���ôõ�²� � Ä/Å8I<J�K�LNE Ê 700MeV Ó�ÔN�6U*��Õ�Ö Ê � ö
D6��ÏN� R U x
í��8��Ü 1520MeV Å N(1520) �9÷�ø R �hÝ�Þ4Ú�Ä Ê �ºà��hÈ É �
�×�µ�úùû½ ( ü<ý�� 55%) U8á
~þÂ×ð�½ ( ü
ý�� 45%) Å π y�¾�Ä��vM�ÄN��é ê�ÿ � [6] ÏN��Å�I�J�K
L��%j�k
�<Â���o<p�Ú�ÄtU
d�� � l*m%nº£�S���Å�� � ü
Î�I J�K�L�� £
U�� ��u×�²�eÒ�� ð²ñ�Ú�Ä�Å��	��Å�
	� Ê� á ~²���� Í ��{ | � ��� Ê��� �<����Ï
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2.2
����� ����� 	
������

��� ��w���Z�Å%���8��Â4���<l��
��������l���� � Ê"! ~$#4�&%}��Ï KEK-E391a �4Â4� γ ZNÅ
����� Â('
â)�
l*�+����® ��£*,.-/á�í"/ ��021 �
® �
£ #.-/á�â
�N��Ï x í �43)5�Å � Ä4� �
�9�4�/Å264ß�� � ��Â4�<y�z�Ä�� � Ä�£ 7"8 ÿ � � ��Ê ����í �4�<ã�Å27"8 Ê ��9
�
���;:�<��
l��=���<® � (NE213) Î
]�Å>�<l*�=���<® �4£*#"-/á8í�Ï
�4l;��� �4®����8Â��@?BA4C4�)D%d��4l;��� �4®����*E&F}sG%º�IHKJ��4lL��� �4®������ NaI(Tl)

�4E>FtsI%´�NM>JO�
l2�=� �<® � Ê ���Ù�Ns � �<ã %)PK%=Q�</�2:R<N�4S><N��ü>TtsI%6�&-�U��V �W#����YX � %
â
�
��Ï��4�h��Â4�<ã % � £�Z�[�� x �h��í�� [16][17][23] Ï

2.2.1 \�]+^`_.a�b.cedfc
�&� �*H�J��<l��=���<® ��Â ¨�g Ê�h ~µ�h·�i�¹�¾ Ê ç���í��4��¹�¾&jK64¬ high rate Å � � �

#���%t��Ï x í ���>k Í Þ"l<�����"m*Å Ê�n � Ï<á�ó�á8�2o Ä>pYq Ê"r sº~µ�4sRtume°N��í���w
�Rv Ê çõ~µ� ã %R[><<�4Â γ wNÅKjK6���Â4#4��%"x4Ã<��o<p�Ú4ÄNÅ4j�6��K-<� � % �*Ï2F 2.1 �4�
E�F Í HRJ��<l*�
� �<® ��Å�z��/£hÑ ÿ [17] Ï
HRJO�<l*�+���
® � Å4y � J"z�Â��4[ � ü Ä/Å�{.|4}Y~�� �.��¾�Å2�R�
�4Æ�ì
��ÏN��%NÂ��4�� z>� Ê y �&�>� Å2�"����Îº��â<���LMRJO�Y�*�+� �<® �6�9Â��4�6á×~��
Î6��Ï(H�JO�Y�*�+� �
®���Å��º�I�f��Â4�O�@��Ä�zR��£.m&����Ð 2.4 Å V Û Î�{>|*}.~ �;�"�/£;�Y� Ï
�����<� S Â spin

singlet Å*�>��� T Â spin tirplet Å��>��� S12 Å 12 Â4�úù�p���Å2��¤>�R�<�<� ð�p��hÅ*ü Ä��R�
���6£L�Y 
á%â<�<��ÏNy � Â4�hÃ��2��¡��R�t� Spin singlet Å ¢ °��R� S10 ¾ Å �R����Æ�ì��2�º�
�f��Å*H�JO�.�*�
� ��® ����Â�� 2 ∼ 3nsec Å*ä å<��é ê<ÿ ��ÏN��%N�(£6á triplet Å T10 ó � Å
y � Â4� S10 ó � Å�y � V � ä�å Ê v�¤ �9î.¥ nsec

� t��<����Ï Triplet ó � Å y � Â4�%ñ��2¦"§
��¨>©�ü"8&ªº£K« ��â<�)¬º��HY-4� Î<��Ï

�.�*�=� ��® � ©R� >�Rv s>t y � Ü é ê ¹�¾ ¢.®&y � ¨>v
(cm) (g/cm3) (NaI(Tl)=100) (nsec) (nm)¯ �
°LA*±�� � � — 1.25 40 30 440

NE213 :�< ∼ 50 0.89 20 3.5 425

?�A(C��+D&² Q�< ∼ 42 1.03 20 1 ∼ 3 430

F 2.1: H�JO�.�2�
� ��® ��Å*Ò"³ [17] Ï

2.2.2 ´
µO¶
·�¸ (Pulse shape discrimination, P.S.D. )

3)5�Å�� � ��Â4��¹�³8Ä×� γ w�£&º�8 ÿ ��Å�� NE213 �h� ÛW:�<��.���
����® �4£;#}�*í�Ï
�
Å>�Y�*�+���
® �8ÂK»N�2y � �½¼N�4y � Åtð@��Å4y � Ç�üº£ �)� Ê ��ã�Å2y � ¨Rg ÂK��¤4Ú Ä6Å¾ T��;¿&< Í �8Â dE/dx �*�4� ÿ �
�h�×ÛÀ³�� Ê ���%Ï<�I%�Â�� spin triplet �(��Ä Ê ��¤+Á½%6í
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ð@��ü4Ä�Â���ã�ÅtðÙü4Ä�¾�Å������Y-
� V �9â<� ��� Å9ü�Ä�Â spin singlet Å2¢ °>�"� (S10) �4�
mNÛ ��� Åhü4Ä
Â2�>¡&�R���*���6á���ã�Å spin singlet Å2�8Ä Ê �>¡&�R���K���6£ ÿ ��¹�� triplet

Å2�.�N�8�4ö�á�í�ü
	"X(¼��� � £�Æ6ì������9� Îº��Ï<ã Å´ð�ü<Ä������.-NÅ�¤t�}�Ù¬ ÿ Á�Â
�
triplet �"��Å4s�tNÅ ð�������� ÿ ��Ï

γ wNÂ�� � ������¬��"��?�°;�����/�4£<Æ Ç�£��6��á8��ã Å�¹��ºà�í��8Ä�Â��<�B¹ ÅK��Ä�£ �
¤�á�Î Ê � �Rk Í��� "! �"{>|*}f~ � £�#º��â$��¤ í�% triplet �R��Å4sRt<Â8��k Í °�¤�Î'&�ÏN�
%��K£�á�âB¹*³ Ä�Â(o�Ä�(*),+�-�á�ã�Å4o Ä�(em�á ¤ Â�.�Ä Ê�/ &�í�%�0�12&432�  
! �>{.|2}
~ ��56#$��04ã8Å(��� triplet �"��Å*s>t Ê�7�8 á�â�ð²ü4Ä������Y- Ê�9;:=<?> ÿ ¤þÎ < 04¼2�4y@ Ê�7$A & : )4B�Î�&�Ï�&� B : Å*³�C�D�0 n ¤FE�H&JB�.� �O����G ���IH�J�ÁG%
â�� < [23] 0�¬�í*M&J��"� �
� �KG �
�Om : %"B2T�L
E*³�C Ê H�J+Á½%<âK�K& [24] Ï�í�	<áI0NM&J��"���O����G ��E6M�NKD�0NH&J��"���
���KG ���"�´Û triplet B(£�- ÿ &&¹�O2�R�'E%ä4å�P
0�Q&y @ E%ä�å V < mLv"��)4D�R�SIx�0�ç
�
M�N�m�12&�í�%�02¼
��T4ü�P 7"A &IE�ó"0 h ��T ü�P 7"A &�E�ó$D�0�U*V4E��)�*�+���$G ��BIWX á�âK�
&�Y NE213 E PSD B�Z
á�â�D�[�\ [25] P�]�^$B�_'&�Y

scintillation
photon

absorption

S10

S11

S12

T10

T11

spin singlet state

spin tripret

ground state

scintillation
photon

`
2.4: H�JO�Y���+���$G ��E�{.|*}f~�� �"� ` )@y @��R� Y>��)��)��D spin single(S10) abS�E

»2�4y @ �$1"&�Y T10 D spin triplet E*�R�K�K0 : �2ScadS�E2y @ D ��� B4¼2�4y @ �"1"&�Y
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2.2.3 ��]+^`_.a�b.cedfc
�&� B*M&J��"� �O����G���D�0No���pYq�P���¤ 0���s�t2E	�I%2���v�P	
2��Y y @�� m n ��I%

{>|2}>~������9�P ! ¤ 0 γ w2E(j(6��"B2#�K%;&6Y���k����Rl�_�m�E�P n ��Y���¤ a;S@#��&%��
�$& NaI(Tl)

>
CsI(Tl) D�0�y @�� P"®��=¤ 0 V ¤ #�&%��$�"& P"0 ��i"!�O 1µsec )½v2����%�0

¢	#2E high rate E 8>h	$	%�& ��D�1.¬ <(' ��)$_�¤ _+*,��Y�-,)"B�.��*��(¢�#���D�0 CsI(pure)>
CeF2 E"/"0,B2y @�� D r Á���P�-�1
E 2
�+3�E�0 GSO(Ce) E4/"0 B�-�1�P�2�¤�5 a63 y @��

P>®7���83�E P"94y�Á:) ' �	)��$�$& [14][16] Y
NaI(Tl) D�0<;�=�5���>@? AB���E 10% 0 38000photon/MeV 5 @ B . A &6Y,C"D $ )<5 �E��
M�N� @ E;¨	F73HG�I���0 @ ��� 7	J	K (PMT) E @ ��L"E,M�N ( O7P ¯ A+QSR � ∼ 400nm) )UT�VW & : ),���	X�P�Y=& Y CsI(Tl) D�0 52000

@ � /MeV E,Z @�� P"1K& P	[�F�P	F$�	��%�0 NaI(Tl)

E�\���]�N2E ��	^�5 a�_ S`)"_@a�Y�b���0 UV(∼300nm) B�#+a [�F�5�3�ced�f<g6h��KG���E�M
N"0�[�F	.�i	j2E�k4*,�l�Pnm(o�P@p65�q45<��[�F'5,Fsr W+t a$0�u�5evxw@�	y�o8l�z�B W8t _�{
E�|�}
5�5 � UV B�MN2E�1 t PMT 5 ' 0�Y ~ 2.2 B�0 ���4d�f<g6h �KG���E�T�25,� W [17] Y
���"def,g7h���G���E Z @ ��� 5 ` 2.5 B � W Y�Z @ D�0��	�+��B�D	>? AB���5 ;�=�5<������ B�� 9�� )7������P20���� � abSU�e� �e� E �� W4t :�� B�/	*<� 9 : t Y7p<���45���� t d
f�g6h �$G���D@�-�E4p � ����'E �@��P��� � � �@� � E@��O����T � ) t� � �7/8��� Ze� <¡"¢,£ W r�5 �@a t Y"p,���+¤�_ea�d�f<g�h��e¥���¦�4§�¨<©	ª���«���� (self-trapped excited

state,STE) a¬�¤�Z+�®�¯�°4��±8� t Y�²"³ ' * � CsI(pure) ¦�� 4.3eV ¤ energy gap
  3�c

STE ®"-	¤�Ze���<´±����µ� spin singlet ���"¤���¶ 16nsec
� a0¸·+a<Z���® ¡"¢ �ea t�¹ b �	�

CsI(pure) ��¦ 1µsec
� aS0 after grow ®	º	» W+t�¹� ¤��@��¦8/4r¼��a7*½�@a�_ea ®���¾�¿�~�LÀ #8¤�Á��Â�Ã�®"-�¤ �"Ä�Å �:Æ�ÇÈ� )���a t [26]

¹

absorption

conduction band

scintillation 
     photon

Tl*

Tl

e

self-trapped excited state

scintillation 
     photon

e

valence band

É
2.5: Ê�Ë�ÌeÍ<ÎnÏ ÐeÑ�Ð�Ò	Ó@Ô�Õ�Ö�Ð,×@Ø É�ÙUÚ@Û@Ü�Ý Õ+Þ
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def<gnh �e¥�� ���F �N Z�� � ��� !�� Ze��[F
(cm) (g/cm3) (NaI(Tl)=100) (nsec) (nm)

NaI(Tl) 2.59 3.67 100 230 415

CsI(Tl) 1.86 4.53 85 1050 550

CsI(Na) 1.86 4.53 90 630 621

CsI(pure) 1.86 4.53 4/1 10/1000 305/ >400

Bi4Ge3O12(BGO) 1.12 7.13 7-10 300 480

Gd2SiO5(Ce)(GSO:Ce) 1.38 6.71 20 30-60 440

BaF2 2.03 4.89 5/16 0.6/620 220/310

CaF2(Eu) — 3.19 50 900 435

LiI(Eu) — 4.08 30 1400 480

CeF3 1.66 6.16 5 30 375

PbWO4 0.92 8.2 0.26/0.04 10/40 430

YAlO3(Ce)(YAP) 2.67 5.35 40 28 370

Liq. Ar 14.2 1.40 ∼100 6.5/1100 130

Liq. Kr 4.76 2.45 ∼100 2/85 150

Liq. Xe 2.77 3.06 ∼100 3/22 175

~ 2.2: ���4d�f<g6h���¥���¤	��
 ¹ NaI ¤�Ze� � ¦ 38000 �	� /MeV ±�� t [17]
¹
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2.2.4 ���������	��
��
�">@?�AeB+�	¤	��� £ ���+¦@�������k�� W4t � Q�z���8p�d	�����   « � 5���S*���a���>

?<AeB��   W������ 0 ¹	� ¤�!���S¬ )������+���� �+¤�>? AB��  "! Ç W"t�� � ±e�½k �@���
¤�>�? AB��  "! t�� � ®�±$# t<¹� ¤�¥�P<�e¤ ! Ç	$ ¦�� NaI

£�% o4l�z  '& a � ��>?�AB��W��	�  '! t Q�(SR*)'��¥ � � �@d+����   « � �-, t ��¶e¤ �N"¤*."a %	/ ¤*0 � d��������
�"¤�>�?�A�B��  ! Ç W4t ! Ç�$ ( �4l�z�g21�v�def<gnh*�e¥�� / )

 *3 4 � G65"�*7 , ��¥	P��
¤987f,� R½f*:eQ�(6R*)'�@¥�� � ®+� t ¹;�< ¦��,>?�A@B+�"=6>�^e¦@?a<®��BADC � 5 � �	N	®@E r¼�FA � ¤�>�? A@B+�  "! Ç W8t �	¦£�£�G�H �DI t<¹ b*�	�,��Á�®�.+a6��¶��"J�K+¤���L  "M 0ON�=+� ' 7�) t�¹ KEK-E391a J�K±
3<�PÈ3�M@N+¤Q�I�I endcap N�=+��� � ¤�¥	P<��¤@Q+(6R*)"�e¥ �<® ' 7�) t ¹ CsI Q�(ÈR)"�
¥9���¤@Q	z@�6�8p d	������¤9R�¦� W ±���S 2.2 � �75 � ¹T�< ¦� ! Ç@U ¤�N�=��4/"� �@V®DW 0 ¹ KEK-E391a JDKe± ' 0:¤�¦� % � �8l�z�gX1�v<¤*8
f<� R�f9:�Q�(6R )���¥���±"� t�¹8� )8¦@�*Y[Z�®�2 r¼�\6]@®+^6_±+� t ��`@a�b�c� � aed
�f+g�®8� t ®8����h@i@N+��¦	j9k@®+� t�¹�l Cnm�A�o8f  'prq�s ¤�¦ `�a[b�>@?�AeB��=6>�^
®2t�r ���Du8¤*v	=	w+�xt�d � ?�a���h�i@N®�_ ¬zy t�¹+{9|n{ �E	}"��~ £ W Q+�@®"� � �6�
¤��	¶e¤*�@� £ \�]@®@� { a / ¤�Â�g	®"� t�¹ % (1mm)

� d�f�g6h9�e¥�� (3mm) ¤�8�f<���xf
:6�	(��*)'�@¥���� 500MeV ¤����   k�� �F, ���¤6��zD���"p d6�����¤9R   � S 2.6 ���+� ¹
~ 2.3 ���a r c | ¤	�	(��9)'�e¥���¤*� H b@�6���	�[�'=	>�^   �+� [18][6]

¹
�@� ���6� (cm) �6���	���'=	>�^"¤*� H b*� (σ/E(GeV )(%))

NaI(Tl) 2.59 0.5/E1/2

CsI(Tl) 1.86 0.68/E1/2 ⊕ 1.8

BaF2 2.03 7/E1/2

% � def�gnh*�e¥ � 0.32/42.4 (7∼9)/E1/2

% o�l	z SF5(PbO:50%) 2.55 6/E1/2 ⊕ 0.5% � l Cnm��+o4f 0.32/14.2 10/E1/2

~ 2.3: ��~eb	��(X��)"�e¥ ��¤D�	�������=6>�^ [18]
¹

E ¤���¦ GeV
¹
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S 2.6: 1mm/3mm 8"f<� �½f*:	�6(��*)"�@¥ ��� � � t ��z����"p�d	�	���¤*R ¹ Eγ=500MeV

¤��D�  ���� | ¬Uk�� �B, � a t�¹
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2.3 ���������	��

�D�+¦@���� U ��k���� t ����� I����  �� #½« � ��®"�+��¤ ¾�� ! Ç6U ���9���Y8¤��+�*�

��� (KEK-E391a ±@¦ 1MeV) ®���y �+����<®"!�^ � I t�¹
�D�   �#��±x#"I�a��4Ä � {� ¦�%$+¤'&`c�¤ �"Ä ®)(+*n¬ y t�¹,

punch through : �D�®"-). s ��(��-�e)*�e¥�� �0/ 4 � & ,�1 �32�q {9� ����±$#I"4 ¹
��z@���4p5��+�9��¤%�6�)7688¤9�� � �+� t�¹: ��;"�6� (photonuclear interaction) : �@�®n��(2� �e)9��¥ ��¤��	�6; �</ 4 � & { �+�
¤�¾6�4� 
@�® ¡8¢ � �=��±n#I�4 ¹

& Sampling effect : 8�>����?>*:6�+(x�*)'�@¥��	¤@6A+��� �® % ± A � ¤9�+�*�	���   � d�[{"B 4��=��±n#I�4 ¹
S 2.7 �+�¤DC�EeS  GF � ¹8� ¤"H	� , � &U� I {9� ¦)JDA"�)K)L / 4 � & I�¤�±+� 5NMDO+P��5RQS>,±�T@¶VU �"W ®@±�#)U [22]

¹D{'|�{%X : �)I {�� ¦ X �3;)�6�+¤GY�.@¦ 7 | U½® X ��¤ / 4
� & ¤ ¾�� ¡8¢ U : $)Z6� £ ��¤D[�\ X � {9� : $�Z6�V] � {*�V^ ¤�t q ]+��(2�*)��e¥�� ® ��	�=U |=_a`6b �=U%c�d�� {'efX J6Ke±6T@¶#U-Q6��®hgiU ¹j�k6l"m d X �V]�n�;��6�i]nt�UGn���o)�=�qp68 _ T r#U-J6K X >�s _at d�)u

photon

cascade shower

punch trough

photonuclear interaction neutron

Sampling effect Pb Scint. Scint.Pb Pb

calorimeter

photon

photon

photon

v
2.7: w"xzy{G| }�|~"���#��=���3���"�=�?�����0�����h�6���� v��

29



�
3 � � �

3.1 �����
	�� d X ���2���������)c%n��#c�o)���p68 X�������� n��#cD����]! �" � U?7 8 _ T"r#U$#W m gVU�u�%'&)( X�*,+.-�/ ]3o�021p68 _43$5�� U76!8hd X n�� _�9�:,;=<hX$> c�? cA@��'B�4������c deposit ChgVU7DFE$G�H (KEK-E391a
m d 1MeV G�H ) c�I$J _ JLKFMAN�O�P (direct

mesurement) uAQ�RSQ X�> c�T�r6]6d X n��$C�U�Vi]�W�XSQ X @A�YBZ�4�A�F��] 9�: Q!T[# W_�X
10−6 G�HVc�\A] m�^�_ � U)`Aa$Chgcb XZd V � ])d > cSe2f �Lg ��h[i$j�kDd�l$m�Q � P c m X#�c�6Z8hd!nAo�p m g[qDuZV�rS#%c�VAs m!t�u Q�T7vAw m d�n��=cZW�XidZx 99% y$] m Q�R ^�_; M[(�P � P�u> # m @��zB7�������)c|{ � b~}L�7����021��2�4��Q X�> M|} signal �4a�� � q$#�� m X n!�C[@$��B���A�Z�!} 9�: Q � P�#��.}�eZq=�z���7�$i$�Fk��7�����Q X�; �}$�7���S�!� 5A� q�#�}�e�&4(������$��C��Y�(LP�q�#��Z��� 5�� q�u �����2�%X @��YBZ�)���F��� deposit C���� XR����Z���ACAW�X ; M2T�?��Lj��2k���J��4JLK2q$#��4}2e�b X ���A�$���S ��!���$¡�0S17¢$£��3�5L� q (indirect measurement) uA¤ 3.1 } X$> ��¥$¦L¤L�)§ � u
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¤ 3.1: ����¡�0�17¢�£�� 3$5 6!8���¥�¦|¤)u
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3.2 �������
V$s�� X KEK ���|� 1.3GeV 	���
�k����Y�.��k (ES) ��z&ZT ( ¤ 3.2) � ES ���SiS�7���!���� 3.1 }�§ � �

�
3.2: KEK ����� 1.3GeV ����� � !�"�#$"���%$&�')(+*�,-�/.0��12%43-5)( γ2 Area 687:9�;�%

.$��18<+,>= ?A@�BDCDE F GIHIJ (duty factor) KML
10m 100 ∼ 1220 MeV 21Hz(10%) ∼ 1011e/pulseNPO2QAR K-L S-�)TMUAKML ?)@�BDCDE�V tagging channel W

∼ 109e/sec 106 tagged-photon/sec ±5MeV 32

X
3.1: KEK �Y��� 1.3GeV �-���)��!-"�#>"M�-��Z:[�*�EA\]%

3 5_^A`D(Aa-S-�+b�T_U)c�dYS-��TMU egf>aAhI��SM�+b�i Q cjdY<���kMB eAlnm4Uod�%-S���(
�)��!-":#>" �>lpmY���-�+b radiator qAr8s�a h�t�6-u v w_x�q:yI9�s_TMU R a�zI{I|����M���
? @�BACDEIb�}_~:b�� � R s��odMt�f06)a�S����-?I@�B�C�EIb��I�)c�d�%�t��-� ��� �)b tagging

system f>�I�A% Radiator (Aa Al:350µm(3.9 × 10−3 wAxA� ) � Rn� ( 200µm(2.2 × 10−3 wAx � )

b���� R ;I%�uAv)wAx/b��pt R ;-�_��()a 32 ��� tagging counter f coincidence b�f-d 8 �:�
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backing counter ��0�1 � q8�ZG�H X �!�S�!W�X2����� < q�
������2� X tag sigma ����� ���!���	�
���L� Eγ � X 
�k��!�����k4R'�4�8	!�|��	�
������� Ee

X
tagging counter ��� 5z; Mq�	��|��	�
�����$� Ee′ � � qL� X Eγ = Ee − Ee′ ���$KY�~Mzq��

¤ 3.3: ��k�������� b���������
�k�� �Z��������!�"��$#&%('S������
�k�� �7�L�F� (LS) C��k��)�2��� b*��+I��P�q��
��k�����,A� X @���BZ�)���F��� > M��-� b.���A�4����0�1�� 12 ')��/�X ; M'q���������0�1��� X�0�1 10cm 2�3 20cm

X
10 BZ���4��� NE213 ����
�k5� �����F� (LS) ��6[q���¤ 3.3 � X

��k5����,|�7!�"���6�q��Z¡�0�17¢�£|� 3�5 � X CsI @A�YBZ�)���F��� X�8 / �Si�9��Y�!�8
Ak��
�Z�L�!����P f ��:�� 1mm/3mm

X
1mm/5mm

X
0.5mm/5mm ���2k&��B.k!�A@L�'B!������� X;)< 
�k5�)=��������?>4@�A|�&�2k����A��'&4T_� #�#�� � X CsI � 1mm/3mm @�B'B�C-D�E7D��F�G�H�I���§ � � CsI @�B'B�C5D�E�D-��2�3 30cm(16 J : 3 ) � X�K � 7.4cm( L B.	�D�� /�M��xN%PO ) ��6LqY�7Q�� � g D�h$�FH7R)S|}�T�U PMT ����V�(7W�X�Y�Q�T-�5Z�S���=[BL�F�4}-�

11
8 inch � PMT �]\*' t P X ��^L}I� 2inch � PMT � t &�T_� 1mm/3mm ��k�� B=kZ��@_BYB
C-D�E7D�� X 2�3�C 35cm(16 J : 3 ) � X�K � 16.2cm �a`4b�c)��6Lq��&Q�����WdX�YLQF}-� X�>M�eFM��5fAR'� wave lenght shifter bar � t &( X�g 6$}�6Lq[`h'S� 2inch PMT {>��i[P�T_�!¤
3.5 �¤ 3.6 }7��k����[�&/$X2�)§�j��
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� � � � � � � � � � � �
� � � � � � � � � � � �
� � � � � � � � � � � �
� � � � � � � � � � � �

� � � � � � � � � � �

�
�
�
�
�

�
�
�
�

� � � � � � �
� � � � � � �
� � � � � � �
� � � � � � �

1m

1m

H1
Radiator
H2

MU/D
E+

Backing 
Counter

Tagging 
Counter

Analyzer
Magnet

Vacuum
Chamber

600MeV
Electron

AU

BV

Concrete

Lead
AD

Sample

LS

PV

� � � � � � � � � � � ��

�
�
�
�

¤ 3.4: VAs�vAw���������W�X�Q > ��	_
&�ddD$�5����j2q tagging system � X$> �!���A¡��	�¢�£���
��_jSq-��k&����,A��/$X ; M,q��
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¤ 3.5: CsI @�BYB7C-D�E7D��&/�XD��2�3 30cm � X ��^)� 2inch PMT
X Z)S�� \.'�� 1-1/8 inch� PMT ��WdX)Y|Q���PLq��

¤ 3.6: 1mm/3mm @�BzB�C5D_E7D��&/$XD��2�3 35cm � X wave length shifter bar � t P `����R'� W�X�YLQ���P�q��
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3.3 beam line ������� ���
	�������
������� q���D����! �"�� ����c�����#�A�$"�� (accidental coincidence) �&%[�('~�M��6*)��
(i) 	��+��D��$�&, B)D!}.-�).� �����/���&"[� � →HU HD counter

(ii) radiator �����������10�2 �3� )54 X�6 �F� �!4)	 � · 7�	 �!8#0122�:9<;�=����c�����#���"|�?>$@<)�� → E+ counter

(iii) radiator ��A��_	 ��4�B!C$D$EGF)�H;&= �JIK4ML �$NPO�Q ��4�0�2 �R� XTSVU:WYX �/Z�"�[
>�@+)�� →MU MD AU AD counter

��D1�*�/ !"1\ SVU1WYX ��Z�"*[&FT]^O j#_!`�> XYacb N<\ veto counter(BV) FKdce �*ec)��f �G��D��/\ halo FhgJi+)�_$`/\ HU/HD counter
X E�DYj U*kml!n �/\Yo#p�>�B!C�D!q �R� �r � �&>�s � _ f �.F�t�Z_j+) MU/MD

X E�DYj U*k3u:v Q��c>1@.Lh_Y4�8�0$2�>.-1L � X*w _f � X 7 f �J>�@+L �<= w Lh_J Tx+" k F?g�i<):_1`�\ E+ counter
X ��D&�/\#y�z�C-D k F&jc)

_�`/\ X AU
X

AD F?{(L ��e�)�| AU } X58 (1mm) ~ �+��9)� U&W:� "�� �&D_E�D (5mm) F?C� _��G"���z5" X E� -� v"X A&^/>7T 1 2.5cm \ beam line 4�6�)h| AD } CsI
v 6P�(T 1 2.0cm

\ beam line 4�6J)h| 6 �/� ZJ}�j1� ���c�79�� U�Wh� "5� �5D�E�D v 6J)Y|�� 3.7 > 6 \K�!���
F��_j1|T���:4 S^U:WKX ��Z:"J[K\ Ch�����/� X?� �:4 6 � F�g�i<)Y_1`�\ BV counter \K�!���v�� )Y| BV counter \Y�!��} X � 3.4 >:�G=���eJ)�|
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radiator

tagging counter

Halo electron

HU HD

radiator

e-

e-

e+

radiator

pair cration

electron

e+ counter

radiator

radiator

electron

multiple scattering

      MU/MD
(vertical shift veto)

radiator

AU(sampling)

AD(CsI)

2cm2.5cm

photon

e-

� 3.7: ��D1�J�! �"����c\ SVU1WhX �/Z$"�[�~ 6 � F?g���j<) BV counter \Y�!�*�!|
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3.4 ������� �	�
��������
� 3.8 > X�k z����h0$2��*\���� U�W �#F?���1| k z����:} X ��� � tag sigma F5{�L �! O �
)K|#;Y\#"�$�}1Q �&% � �('�)+F�
 �*�<):\ v"X#+ "#,!-c\ deposit 4/.#@/eY�<F�0 UYW21cU ,&���3 X '*)�4�>�576 v98 )Y| 6 ; v�+ ":,/-<\ deposit 4�; 8 ec TxG" k F tag sigma \ veto >
e � )$;�~?>+-c� X deposit \2.�@/eh�=<7>�F@?&A��c) k z����!F( �� X ; � F�B: $"&\ k z��C�
~:=$_$| �=D ;&\ k zE���/F EG veto trigger ~@F*G�| veto >�e � )! hxG" k \�H!I*}$Q/J<\�KL -NMC�1\ 60∼70% O&P v!Q�R F@S�Lh_$| w _:T&U*VJ\$_$`!> X ��W/X��*[ �7Y=Z �!\ � 8 _J 
x<" k\[ 4�]�^ v#� )h| 6 ; v tag sigma F prescale(1/5∼ 1/64) =#_ k z��C�&>�`�i#_�| �*D ;
\ k z\����F γ tagging trigger ~(F&G�|<;Y\ k z\����\c ?xG" k } X&a ~cbCdY4+��W&X*�c[ ��YZ �/F �H;�=&_* ?x+" k vJ� )Y|!� 3.9 > X γ tagging trigger ~ EG veto trigger FhN�>/_/e�\ +
"(,f-<\ deposit FT����| γ tagging trigger

v ~1Lh_* Tx+" k } a ~gb=dK4�; 8 @ deposit \ � )
 ?x<" kmv"X �/WfX7�J[ ��Y7Z �h4 � 8 _#e�)� ?x<" kmv�� )h| EG veto trigger } Xgh > deposit

4/.J@/e* Tx+" k F&0 U1W�1GU ,+=:_�e�):|
A(i!J+Fkj�l2�J)gm/n �7o(p9q �7r2� (LS) \ k zs�=�Y} self trigger

v���t | discriminator >&}
time walk F?g/i tvu�w F*x�LK_ constant flaction discriminator F?{.Lc_/e t | LS \7l:y!} PSD

F#� t _1`1>/z 30nsec \({#ehj=� k ~ 100nsec \:|#eTjC� k F5{�e!z separate gate \ ADC(Lecroy

2249SG)
v 576+=�_�|

� 3.8:
k z����2}&~*\N��� U&W �$|
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EG veto trigger

γ tagging trigger

neutron-call

Esample(MeV)

� 3.9: CsI ���&> t γ tagging trigger \��?x o.k ~ EG veto trigger \��?x o.k z���� γ tagging

trigger \���x ock �
	ki J*Fg^
���Y_���#\ +=o , -#\2K L -�M7��W�� W�k���� | γ tagging trigger

\��?x o.k }*z a ~vb=d��<��W/X*�*[ �*YNZ ��� �����1_��Tx oMk v#� �Ez EG veto trigger }�Q���
� \����*\��Tx oGk �/0 UYW21*U ,��:_/e t |�	(i�J �k^!����_��/~ v z 0MeV "
#%$'&)(+*, �*o�- ��g��).0/21�$+�4365 t |
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� �&r����/��}$� 3.10 �h�7�����
	�x'$4� w�� � 1&| � �7r�$�
/#}/z NIM Logic � v�� zs�=�
�( ��z���/ �T{��@_ CAMAC $ common start � gate ����� | ADC � TDC $ � �=rY}��*�� $�l!_�� t�� z!��	43! spill start 5#" spill end

wKv
List Sequencer(List Seq.) �!1�$%"�/�z

beam off $ � � VME-CAMAC I/F & �2_Nz VME �(')" / t(*�+�, CAMAC $ � ��r�� VME

�.-0/1	���2�z List Seq. �!13$ t $347z VME-CAMAC
� $7W*0/� - � 1µsec/1action 576���1

$32 �Ct8* �9�2��1 � ��r84*z VME � ,�: .�/ 1 8mm ;=�:,��=<9>�.0/ t 5@?��7z monitoring

$413$4�=A�n%$ 10% O*P%$ � �Nr�� L ( �#Z ��*��B&2�2_/A�$�C�D o �.')" / t.*

� 3.10:
� �NrE�F�7��$Y�$�c� *
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�
4 � � � � �

��� $
	%$
���2!S � 1 *
( � )

+�o ,f- ( �N����B(��r!� ) $���� *
( � ) m�n�D o:p q �*rf� (LS) $ TDC z ADC $
�� *
( � ) 	:i�J%$
�7A��� $��&6 *
( � ) & (�* , ����o�- (B.G.) $h���#5! �� *
( " ) 	:i�J&j�l#'&) *
( # ) $fJ7%�j�l#'&) *
( % ) &�' $ p)( ( * *�*� �,+�4&z CsI �*�-�#Bk�7r�� ( . D CsI) 50/ / D o(p9q �7r��
$�1�2F2 1mm/3mm

+9o ,3� o, �7�)�:Bg�7r�� ( . D 1mm/3mm) 254�612 �Nt�* $�J�$87�9�4&zK�7�)�:Bg�7r��
	.2 deposit �
1MeV . D 2�z 5�:8;�<
$ LS ��	ki J��=� � ��o�� .,> � �01�e�5 6,?�� t�* 1MeV 4 KEK-E391a

"�$ $:^�@�2 �Ct.*
12 A $ LS 4*z + o ,/-�5 "�$
B�C2�ED5F&_Nz��*� � $
>��5�" D  $ 4 :��HG�I�2 8&t.* �
/ �J>9 (upstream) 5%"!��� us1(=LS1-5-9) z us2(LS2-6-10) z us3(LS3-7-11) z us4(LS4-8-12) 5
F�G *��� $
KL�>�z tail ratio 5 Inefficiency region �8	%$ � �0��6�?N� t(*

tail region =
Esample

Eγ
< 0.5

Inefficiency region = Esample < 10MeV

tail region 5E4�$!J%$ K L -*MN��$*MHG�. D $ deposit �'5�	F���EN o!� $���5E2*z�$ ��O�� $ �8 1�����$��PN o � 2 �Nt1*HQ 4.1 � 1mm/3mm 1100MeV $ γ tagging trigger $��JN o � 5 EG

veto trigger $��EN o!� $ tail ratio � + �
1SR�W � , ��� �K�N� **T5U . D � tail region $#6�?
2 �Ct.*
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γ tagging trigger

EG veto trigger

tail ratio(=Esample/Eγ)

Q
4.1: 1mm/3mm 1100MeV $ γ tagging trigger $!�EN o � 5 EG veto trigger $��PN o � � tail

ratio � + ��1 R2W � , ��� 5 tail region $26?2�?�=� *
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4.1 CsI
��� ��� ��� �����
	

���%$ ����4*z 	%$8&��
2 �=t8*
(1) GEANT simulation �� � +9o ,�-�2 shower � deposit � t��  $fK L -NMC��F>7i � Q� t(*
(2) 	���$ CsI 5���� $ CsI $�� � o $�� ������4H��+�2*��$ t.*
(3) D o */� � � o $ spill timing ��� t '�' � ��� *
(4) 	���5���� $ CsI $ total $
���)5�D�� q �9D"! o 5'$#��� *

4.1.1 Shower leakage $ study

$fJ�4 +�o ,/- 	(2 shower � � �(� ��z3��$&%('�4 +�o ,f-���� leak � t(* �
$ leakage $ �
 (shower leakage) 4&zE$ J�$!K L -*M��������v_() �+*(,�i4�.- t(* �6�12*z shower leakage $
K L -*MN���F>�i �!z GEANT simulator ���%�g_ Q � 1 * D/�� q �3D0! o $����4 	�$1&�� 2
- t.*

(i) $fJ $!K L -=MN��4*z 50∼700MeV.

(ii) $fJ $�1�243�5�4*z CsI $!	6�65 " 1.5mmσ $2� � W G87�2�9�F�1 *Q
4.2 ��z�	�=z��8��z total $E&' ��:�� *<; K L -NMN����2#=�; 4% O&P�$�>�/6�?-"�\z<@NK L

-�MC�A� 2�4/; 8 	CB*V�4�D!"0/ 	�� *. D z +�o ,�-�$/K L -*MC��$ ����4 � $:'�' �'��� ��_�� t8*
4.1.2 EGFIH#JLK"$ CsI $NM"O�PN$GQR$TS�U
	���$ CsI 4 deposit �7; 8 � PMT $6�2� o xk; 8 �
$�2*z3��V � $!K L -�M�V4�<�%�g_ +=,

� � o � ��$ t ��5 ��2 8&t(* ��5 �fz#���2$ CsI 4 deposit ��W . � PMT $&� � o x ; ��$
2�zN08V�* �F	�� +�, ����X t ��5���2 8 	�� * ���B2*	%$�.�*44Y#Z ��� � *

E = Gc × ADCc + (Gtrue + ∆G) × ADCout

(∆E)2 = Gc
2 × ∆ADCc

2 + (Gtrue + ∆G)2 × ∆ADCout)
2

�!�82=z ADCc 5 ADCout 4�	&�#5[�4� $ CsI $ ADC count z Gc z Gtrue 4�	(�)5\�4� $#] $
�2� o (MeV/ADCcounts) z ∆G 4&��� $ CsI $�]7I!5 "�$�^�_�z ∆ADCc 5 ∆ADCout 4�	6�
5`��� $ ADC counts $��.�N4Ga "J: 8 2Nz#b � W,G�7�2�$6c�d�e4_ σ 2?- t(* Gtrue �&]&^�	I�2?-f�\z���/�.G� $ I�4&gGh�2.- t(*&i �kj#����z (∆E)2 4(�4� $&� � o (Gtrue + ∆G) $ �	.Y(l�2?-f� z��
$(=4W4m!�4] $&� � o 2?- t ��5 �63!5 t=*Q 4.3 �*z!	&��$&� � o � �B5 �
1�n�$���� $#� � o (Gtrue + ∆G) 5 total $Co (∆E)2 $�pNY Q �6:TX *#q 5��7z total $(o�4(�
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4.2: shower leakage $�� ����� V��>�� *

� o $ � 	 Y(l ��	0��
�� �\z�� q �(=�WGm!�/- t=* � / ��zCX � 
 $ tagging counter 2!��$
16$+� Q 4.4 2?- t(* � /#�L��z#��� $ CsI $#� � o 4�A
�$ tagging counter $����2��5���
=z
Gtrue/Gc = 7.844 ± 0.006 5 ��/��+1 *

2500

5000

7500

10000

12500

15000

17500

20000

22500

25000

0 5 10 15 20 25

tag1

gain ratio(center=1)

σ SU
M

2

  12.22    /     7
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4.3: �8� $ CsI $��2����5 total $#o�$pNY Q�* =GW�����]%$#�2���12.- t.*

4.1.3 �RP��������TP $ spill timing ����� ��!
D���*#" � "$��5�"�$&%(' $�2*)�4�+ Q 4.5 $ � �-,�+/.�0�1 $32 4�,35$6
�7 � 19$�+62*)
$�8#9N��� , ( .: spill time 5<;(= ) , ���<
(%&'%$�� �>��� V/,&l�?�@�^�_ A BS6$C * ��D�2$+
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Q
4.4: tagging counter ��5�,���$��#+����%5���� @6��9(�3@�� * ��@��#����5�� 
&�C��@<� 9(�

���	�F$
� *

	8j�������
�����X C *
ECsI+Ee′

Ee
= VDC + VACmax × cos(ωt)

= offset + amp × cos(2πf × spill time) ∼ 1

���� V8(V�4+8n � ,#�F>������ +��
� G�@ offset 5 .(0�1�@	��o (amp) @ � :92?-�C * f 4
D�����"��<"#�&@�����l�2 20Hz �<� � 

��C *,Q 4.6 ,�+ tagging counter10 @ spill timing 5"!
�$# � @ deposit @pNY%��:�X * CsI @$&
'���( spill time � 2msec )+*-,/.�0��1���12 +�354768	9 �p Y�(�D;:+4<����=
D�D$> tagging system @���� @?��2 ,
.:@A@�0���X�CA=
• B$" � � V$8CV�( linearity AN-�C	=
• 1�2�%�'�@&� ����� V�( tagging counter ,���C����
�?=

>8j�@ ECsI ( + shower leakage @$D������E4�
H�������<F @A>�-"� + Ee′ ) Ee ( tagging system

@ default @m7�A���-

�$C�= 	�� 
�+ >Cj�@$D�?> (ECsI +Ee′)/Ee A � ,�DE��G54?H+I&?J ,AK
'�A73�@&� �>��� V&,�L$
����
��D<)��$M<NCX CA=	O�, DP4;�EQ%R<�>
�
 tagging system @ ��� V$8#V#@	D�S���X�C(D%) A�>�T&CA=�3#@5U�V%( 9.4MeV/tag(default 10MeV/tag) >G-�C�= total

@�W�SYX 4.7 ,	D�S @	Z�[��$\TX1=AD�S @$U
V�!*�$# � @ linearity A�]^,_���<

� C	=

4.1.4 `
acb#JLKed CsI d total d�� !
f�g @�D?S�������h ,�+��Aij)+k�l�@	! �$# � @$m�@�W?S��<7e����=�3�@�U?V���X 4.7 ,A\TX1=g X1( spill time @5D�S����A�?�Cn @5W�S%X1> +<:
X1( spill time @�D�S������(n @5W�S%X1>�n�C�=
U�V<( + (0.1375 ± 0.0001)MeV/ADC-count )o��p
�	��=
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X 4.5: %/'������&"��<"���� :<@/%/' @ ejection @����YX?= spill time ,���� 
&l % @/� � ��� V
@6^4_�A�B
	$CA=
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x 10

-2

tagging counter 10

  17.18    /     8
P1  0.2930   8.283
P2  0.6956   7.737ra

ti
o

spill time(sec)

X 4.6: spill time @�D
S�=����( (ECsI + Ee′) ) Ee @��Y><n�CA= CsI run >%(+ spill time A
2msec )I*<����2
nYp�� p Y�(���:I4Y���1=
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X 4.7: total @5W�S7= g l @�X�( tagging system @ ������ 8 � ��D�S��3
��
�>4 � >�+�:1l A
D�S�h @�X1>�n�C	= linearity A�]^,_���<
���C	=

�	i ) k1l @�� 9#� �j) + total @�� 9#�1����� D
)P> +	��i ) k1l�@ CsI 	�
 @ deposit A?��p
C	=
3#@AU?VY($+���%K&' @�� �3�� � ,����>
Y�Ai�@ deposit ( 81.4% +�k�l7( 11.4% ><n�C	=
��ie)Ik?l @ CsI @�� 9��&@ �Y(�����������>?��2��3A�+�3$4 ) (���� , +������ � �"!<�>,
��� 
�F ��2 C#DY)-A?>�T#CA=�3 4�, �/CY)5�	i�@ deposit ( 80.7% +5k�lY( 10.1% >%n � +$&�'
U�V )o] , n7�<

� C	=
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4.2 1mm/3mm ��� �����	�
���
��
!*�$# � @$W
SY($+�� @�����>�7j�	��=
(1) 6 ��@ PMT @�*9(���13���� C	=
(2) GEANT simulation >�+ shower leakage @�� �3��� ��� C(�����%2�C	=
(3) 6 ��@ PMT @ total @	W�S )PK#' @�� �3��� � @AD�S<=
(4) �����#"�� " �/@ spill timing , �#C��?V��ED�SY=

4.2.1 �! #"<d�� !
D3@A!��5# � ( 6 ��@ PMT ��� ��
%$'&�(%�3
���C3@�>+�3�@��*9(��� �*) 6*C,+.-�A<n�C	=
D#D$>?( + �*9#��A0/ F21 ���5� PMT2 , �*) 6Y�1=�X 4.8 ,��9�3/@ tagging counter

� C*4��
\651=,7<��8 �3A�C%9�5�C A+�D"4%(�K/';: �=< A*>=?�,��5i,�L.@
�1�?����2�)BA�0DC 4 C5=$K
' @%EGF�H�I � A*J���) ��K'L � A���W �=M<��N*O%>0P D�C ARQ%EGF�H�I � A.1 ,_��CY) ��W �S=T;U�V A*CA��2 U Q�K%W @0E.FXH6I � U �1�Y@ � 9�3 UXZ A�B 	C(DY) U ��C	=
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4.8: Eγ=750MeV \ PMT ]_^`\*aYb'cXbR\�dfe�g=\�h;\ tagging counter i6j�kml

4.2.2 Shower leakage n studyo�p%q
shower leakage \Yr%s;t�u'v�l�aX\*wXx p0q 1mm/3mm y`z GEANT t|{R}�~G�R�,���Y�����g=t��#}�w%l��%�G� CsI �|�*�Yy.��vYl [ 4.9

p aX\��0�Rt��6u%l CsI �|� q,�X� \X�*���6�6��0�R�X� y shower leakage
�*�G�¡ ¢� }£~ � v�l
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4.9: Eγ � shower leakage \����.l�� p � �.�X�6�m���;y���� � y�~ � v�l

4.2.3 PMT6 �Dn total n
	��
PMT #�Y\ gain � shower leakage \��*s#t������ q PMT6 ^`\ total \��*s#t�� }���l����
� q�� \�����y'� ��� \����%�'�;��\�r's q u ����� tagging system \� "!"#��
$%�6\=r.s;��D}£~ �%��� l [ 4.7

p.q a*\��.�#t��'u=l6a�b'c=b`\0�6�X�G�m�0\&%6\�d e*g�� q G430=3.37
q

G750=3.23
q

G1100=2.55 (ADC counts/MeV) yG�(' q 430MeV � 1100MeV y 30% \�)%b � j�*u`v%l 430MeV
q

750MeV
q

1100MeV y*d e.g ��+,� }£~ � v=\.� q dDe6g%\�%,-,. �/+,021 q
tagging system \� 3!�#��2$X�*\�)%b p34 v.z�\`�65�798Bb va � y tagging system \�r*s�t�u`v�l tagging system

p"4 v �%� \0�.���'�'��� q�o�: y/;�7
8Bb v�l

Eγ = Ee − Ee′

= Ee × 0.99 − (Emin + (tag number) × ∆E)

 <!�#��&$��=� q tagging counter =?>A@ p&B �Gv�C � \=�*�Y�6����t|�Gu Emin

q
tagging counter

-.\=�6���G�'�%\/-�D ∆E
q a�b�cXbR\�E*��F0�6���G�'�0\G%6\IH�gIJ0�m\�d#e�gX\LKNM%y��'v�lr�sm� q<� \ : y/OGx&� Eγ �QP/R�y�\ deposit \�S q

∆2 = Σ
(Eγ − Edeposit)

2

(∆Edeposit)2�/T,U p � v 4�V p�W x2�*l ∆Edeposit � q Edeposit t W x`v�%G\ fitting \�X�S�ym�;v�l��.�;� q
Emin = (123.2± 0.3)MeV (default 90MeV)

q
∆E = (9.007± 0.009)MeV (default 10MeV)

q a|bcXb�\0�G�=�G�;��\�%G\�dDe*g�� q G430 = (4.119 ± 0.005)
q

G750 = (3.799 ± 0.001)
q

G1100 =

(3.386 ± 0.001) (ADC-counts/MeV) y'��v (
[

4.10) l%d#e*gX\�)%b;��Y 20%
p � }��0l
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X 4.10: tagging system �?S�� ( �7X ) ����S�h ( �7X ) � Eγ(MeV) vs Edeposit(ADC-counts) �

4.2.4 spill timing d
	��
1mm/3mm #3���H���� ��� U ��� spill timing �������������

Esample = VDC + VACmax × cos(ωt)

= offset + amp × cos(2πf × spill time × Tfactor)

 "!$# ��%��'& Q)(�* U �,+ �.-�/10�2,3�45� offset ��6�7�8"�.9�: (amp) �;(�*��)<�����5"�1�= � Tfactor �?>A@��YnB�.� CsI ��(C� &ED /%Q spill time F�7�9�G,H,I,�,J U ) �CK�@
/�- �LK��
�E�GQ'(�*��)���$MYWL�'/)N'@
/"�.� f

& �G3
O�P�QRP*3'��9�G,H
� 20Hz � �SK�@�/B�E�'T 4.11U Q spill timing �U�3)�=H"�%E.FYH�I � ��8 �
�RVG5�� CsI run � �;� spill time I,WB/�� = Q£8
�EI & K,X��.�1Y�@5/5���

50



0

100

200

300

400

500

600

700

-0.002 -0.001 0 0.001 0.002

  23.73    /     6
P1   249.0  0.2241
P2   307.4  0.3271
P3   1.634  0.2051E-01

spill time(sec)

Sa
m

pl
e 

A
D

C
 c

ou
nt

s

tagging counter 10

T 4.11: �0W���EGF�HmI � � spill time correction � CsI ����� spill time I�W /�� = U 8 � & Q& K,X��1� ��@5/5���

51



4.3 ��������� 	¡�	�
���
��
4.3.1 
��������� narrow to wide ratio �����
� U������ 3 �"!$# % # (LS) �)<��$�&%"K ��� LS

& Q PSD( 8('�4()+* ) �Y5B�.� = U Q-,�#CQU�
:'I(.0/./ narrow ,1#CQ (30nsec) � :�� V /$,1#�Q wide ,1#CQ (100nsec) �&2B/�E*F�H.I�#��$34 � %CK)��� PSD U �E�&5�W"��67) & narrow ,8#�Q1� wide ,8#�Q�� deposit �$9;Q narrow/wide

�$2�/�Q;:=<?>��;9C� n-w ratio �$@�A�� PSD �;B �E�X@�Q�T 4.12 U Q tail region � narrow �
wide �DC=E�T
�.VGF���H?IKJ UGLNM W �PO%W�I,4�QL�NR5/B�'�
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T 4.12: LS narrow ADC � wide ADC �DC1E�T�� (Eγ=750MeV 1mm3mm)

<�� & Q γ S (γ tagging trigger) � n-w ratio IUTR� - � �WVYX narrow � wide �D,0Z7[��]\7^
���,�

LS �(_G`+a�b1#��E<�� & 137Cs ��2?K1��� LS � 137Cs X(cGF��]d�eC��T 4.13 XEV=F��E<�� &f [.� Q][&g 478keV �$2 K1���Gh���i�j LS
&

3.5MeV /)�5�W!�[�k��ml�nW#��;R5/5�'�

4.3.2 LS TDC correction

omp X�q discriminator
&' aWr��Ns�t�X�u + ��� time walk �wvWIR@LX I +mx F �E�">E�Dy�z

� & q�h���_ ! #��${=| �E� = Xwq time walk �]}�IPFD~��L�
��K�� Constant Fraction Discrim-

inator(CFD) �]2 K.������J$��q7h;NB�C� time walk
&E+7x F$���'���,�L�]%?K.��� time walk

&
 a0r���_�`Na=b�# ��C1E'I8����q � � �1V�X�-��1�

TDCcorrect = amp × (
1

√

LS ADC(wide)
− offset)

T 4.14 X�� �P�wj �DsGJ�K�� LS12 �+i�jC�)V=F��E��I,�����"q��L�,T'I������5�=�"�1�E�����& q(���wX1VGF �"VYX�q;�1X;��_G`Na=b�#$��� γ Z$�0[CQ �':�Iw��� -LK]R
/$�E�EI��wJL�1�
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�
	 ( �$T ) � ����� ( 
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- � -LK]R
/�����Iw�wJ����
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4.4 Neutron identification

LS � TDC � n-w ratio(narrow/wide) �]2 K R�q L�M���� 4 �����	��
�����
T 4.15 X7q tail region(Esample/Eγ < 0.5) X���� � n-w ratio � LS TDC �]C�E,T��;V�F�� TDC�
0nsec q n-w ratio

�
1 �GZ]�"[LQ�� γ

� � � q TDC
�

10nsec q n-w ratio
�

0.9 ����Xw���(Z$�
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4.15: n-w ratio � TDC ��C8E 9 � LNM�� � γ

! H�:8X��wQ��DR)�����
9

4.16 X7q γ S (γ tagging trigger) � TDC �<;Nr=�>&�(�?0��@�F��ml."�� � ��� ! q]<)A ! γ S
��Z]�"[	�B�1C���DwF�����X 4σγ(99.994% ��E F ) �1��qHG.A ! nI"�$1&�( * [.+
� � J0K�L<�)�M |mRwq L�M���N #.$�� 1.64σneutron(90%) ���%���7>PO !/Q K 6nsec < (LSTDC)ncall < 25nsec

� R<S � � ��� 9 4.16 �D�=� � @��DR)�����/��G<A
� cut channel
� � ���9

4.17 Xmq tail region X���� �Dq n-w ratio � cut �$J)����T � LS TDC �.;Dr=�>&)(/?,�;q�GU
(us1) J�I�< U (us4) �'V � @�F�� 9�W � ��J �YX�� q�< U � (us3 us4)

��! q γ S ��n="/$ &�(
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4.16: 1mm3mm q Eγ=750MeV

� � LS TDC ��;Dr � &,(�?��m�����8l�".� � �0� �1@GF��
* [,+ � � ���wF0� � � q�<0A
�ml "��Y��t7I$X 1nsec � ���-�NR������$���&< U � us4

! q L�M
� � acceptance ����tW� q accidental 	;nI"%$�&�( * [.+�� ��9 (S/N 9 ) ��
U��	���� � q'G.A
� 20nsec � {�|���� L�M�� � � 4 ��! q LS ��_w`Da�b�# (wide) X over flow �GZ$�8[ �B�HDGF W
V X%G.A �����(R�� ��q(<�A�� LS

�
30keV ���=X� 4 �����

//��q 9 4.17
W � ��J �HX�� q��?[��mawJ I ����Q1X W 5]R LDM��	N #$���T��%����	����">

> � LNM�� ���W[��ma ���� 0��� ��!#" q7h'O0� LS � L�$ � deposit �&% >$F �('�)GF����]q LM�� ��*�+,T�� W � _�`Na�b-,1��.�/ �10 � ��imj ! 9 4.17 � N ,,$�� L$M�� ! q β = v/c ∼ 0.1�
5.5MeV(Eγ430MeV) q 7.0MeV(Eγ750MeV) q 8.2MeV(Eγ1100MeV) �m_�`;a=b2,���3 5 R.�

��� ��4 X LNM�� � � )���� ! q Q K 2MeV∼25MeV � L�M�� ��5�6��DR,����7 �]X�	 ���8 Xwq n-w ratio �wl�"� ���0�	�'
����� 9 4.18 X�q/G � 
��� TDC � ���	�DJ,����T���q
n-w ratio �,;+r �>&�(�?0��@-9��ml<")� �1G.A ! q γ tagging trigger � 3σγ q�:0A ! 1.64σneutron

��;�< ����qwh��$i�j 0.75 < (n − w ratio)ncall < 0.90 � �����= G��������?>������ � q 9 4.19 � A region �A@ M�� � )���B�C1X�	 ���
γ S (γ tagging trigger) ��@�D � ��E�F<�%� � 0 � LS �GZ]�"[	�HG���I � 9 4.20 X @?9 ��@�D

� ��EJF<����T ! �"[��ma=X��� us2 q us3 �GZN�W[	�HG���K<� � o(p X�L ��M�N d �0! q�O�P��Q�R ��K���q&��S27���TJU�V�W�,�B�C ��! evapolation X��2S W �Y@�D � ��Z�[ �\K� �^]�) t>O
�/���wq#7�� W�_ 	���I2S�	 ��� γ `�����I ! q?@�D � � !�aJb?c S\: U ���2d]�1e	� ��K����
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4.17: 1mm3mm q Eγ=750MeV

� � ratio ���������)�0��T
� LS TDC ��I ����`������A@�D
� ��B�C � � ����� e���V���� �����2S W 5	��qJ@�D � N ,$�S�
��� x 9����
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4.18: LS TDC

��� ".�B���)�0��T
��q n-w ratio ��;Dr �>&)(%?�����` �����A@�D � ��B�C �
� ��� Eγ=750MeV

56



-30

-20

-10

0

10

20

30

0.6 0.7 0.8 0.9 1 1.1 1.2
n-w ratio

L
S 

T
D

C
(n

se
c)

CsI Eγ500MeV

A B

C

E

D

F

9
4.19: n-w ratio � TDC ����� 9 � A-region �A@�D � ��B�C � � ���
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4.20: γ ` ( G 9 ) ��@�D � ( : 9 ) ��E?F������ 0 � LS � hit ��I�� γ `��#d�� e � ! : U �

LS S2d���e �HG0��K<� ���J@�D � ��E?F<����T ! ��e��\V#S��<� LS S hit G0��K�
�
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4.5 � �������	��
������� �����
G ��� � @�D ��� )������	�'
�)� �#7�7 ��! @�D � ��B�C#S ! ��5 � � ����� "�$�&,( * e
+ � Q / ��9 ���#7�7 � � _ � "�$1&,( * e.+�� ! T�� c S�� 4 S � � accidental 	�d]�1e � �
� ����� �0G � 9 4.15 S%@-9 W�_ S 6 ! ��B�C�� A B C D E F region S%�#"�� � M%$ ���'&1O( O ��B�C�S*) ��d���e � ! 8 � W#_ 	*+-,0�/.�)10 O ���

A region @�D � ��B�C��2� "�$1&)( * e<+������ ! � accidental 	2@�D � � γ `0�/.�)10PO ��� γ `
�23�L � 9 4.21 S/@?9 WA_ S � A region S4) �/����S ! � n-w ratio ��5 = :JS�	��76�E��8 � � � accidental γ � � " LS S:9<; hit 9��=6�E�� 8 ���

B region accidental γ 5 hit ��B�C��

C region γ � 2hit 9 ��BJC��A7�� γ
!*>@? S/A � ��� e���V#S%B���5 �DC7E�V2	�d2F1e ��� M%$ �

O ���

D region γ ��BJC �

E region accidental 	-@�D � � γ � 2hit 9�� B�C ��!�>HG � A-region �I�#"�$ &�( * e)+�� � " dIF
e	� � 8 ���

F region accidental γ(1hit) ��B�C �

narrow gate

wide gate

neutron :
  (A region) 

time

2 accidetal
         gamma :
 (E region 
   and BG in A) 

gamma :
  (D region)

ratio ~ 1

ratio < 1

ratio < 1

fast component

slow component

9
4.21: JLK c 	#dMF#e�� � n-w ratio �ON�� γ � A S4) ������S ! � γ �D9QP 8 � �76�E�� 8 � �

R E?	�� ! ��@�D � B�C (A-region) �I�="/$ &0( * e�+ �?dSFAe	� G ! � E-region ��9�	��UT n-w

ratio �2V<� off timing ��B�C��-dOF�e �HG �#W*X � ��7 �-� Y[Z-	�7�� � 8 ���
N(Background in A − region) = N(E − region)
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A-region S[) �7� "�$/&,( * e.+
�/��� ! � accidental 	�@�D � �%��� ! accidental γ 2hit � M$ � O ��� 8 ��� 4.1 S � Inefficiency region(Esample<10MeV) S���� �=� "�$�&,( * e.+��MF
V ��9�	m�UT E-region �-dIF1e	� G � A-region �2dMF�e	� G���� � N(E-region)/N(A-region) �
@?9 � 9 4.22 S � Inefficiency region(Esample <10MeV) S������ E region � A region � tagging

�Ae��\V � � T�U�V?W2, � "�$ &)( * e,+�� F�V � "�$ &)( * e,+��SF\V
(no cut) (with wide cut)

CsI 500MeV (8.4±0.3)% (1.4±0.3)%

1mm/3mm 430MeV (1.9±0.4)% (0.7±0.2)%

1mm/3mm 750MeV (4.4±0.6)% (0.8±0.2)%

1mm/3mm 1100MeV (45.2±6.6)% (24.6±6.5)%

� 4.1: @�D � � � )�S a 9 � � "/$1&�( * e�+�� FYV���7���"�L ! � Inefficiency region S���� �
@�D � ��G#S a 9�� E-region ��dOF1e � G������ � 8 ���
	�S 1100MeV �2� "�$ &,( * e+��
FYV ! 50% ��� S���� �)� � � wide cut �����0��T
�O� "�$�&,( * e)+\�P@	� �)����� 1100MeV= F �0! �2�I"�$�&)( * e,+ !� ������0YO �,�����
counter ����D���@J9 �	��`�� E-region ��dSFAe	� � 8 � � 430MeV

��! �#"�$1&�( * e.+��7F�V! V�� ��� 1100MeV
! 2�� � "�$ &)( * e,+%��3=5 �)� ��7��P��� � ���8 S*� "�$%&,( * e<+�S ! γ ��@�D � � 8 ����� &
��� γ ��@ �I"�L6��.�/#9�� � F-region �

!2>�G n-w ratio ��5 ��� � off timing ��B�C ��� � accidental γ � 1hit 9 ��:����w��� � � � �
accidental γ � 2hit 9��8:�� � .\/ � 0 ���

(accidental 2γ � hit 9��H:�� ) � (accidental 1γ � hit 9��8:�� )2

� 4.2 S � � "�$1&�( * e)+ �� ��� % � γ S W ���������H@J9���7��O"�L ! E-region S�)	5���d
F1e � G � � .\/ ��� total �4� "�$ &,( * e.+���:�� � � F-region

W G F)�)� γ � 2hit 9���:
���
���Y9�	m�HT N(expect from F-region)/N(E-region)

� 8 ������������� ! ��� � ��T�U�V
� e���V � � T�U�V�W�, � "�$1&)( * e+ ���

γ `���@ �="�L
CsI 500MeV (79±25)%

1mm/3mm 430MeV (114±27)%

1mm/3mm 750MeV (16±2)%

1mm/3mm 1100MeV (35±3)%

� 4.2: γ `����%���=� "�$ &)( * e,+ ��"�L �
W�, �/V���T ! ��� "�$ &,( * e+ ! 9� � γ ` ��� ��� 0 �'� �\T?U�V�W2,1��!U� 	�� � γ `" � ��!
�#� � ��0 7 ��&'O = F �O�#"/$1&�( * e.+ ����$J9���� γ ` = F��I�I"�$1&�( * e.+
�
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4.22: Inefficiency region(Esample¡10MeV) S���� ��@�D � G (A region) � � "�$1&,( * e,+(G

(E region) � tagging counter � ��D ���J`�� E-region ��d�F1e � � 8 ����	AS � 1mm/3mm �
1100MeV

! 2 � � "�$ &,( * e,+/��3=5 �)� ���
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��� ! accidental 	J@�D � � M'$ � O � �Y@�D � ! � radiator
� ����Z���S W 5 � !�" � ��� c V

TJU�V�W-, (∼20MeV) �*A � ����,�V#+ ( � �	��e)$HC , � ) �
��C���,�Y, (AU AD) S 8 � G!�� 0PO � � � 8 � � ! radiator
� A � �\[@0 	 ��5'� � � � beam dump S 8 �1G �[&?7 ��!��

0 O � ���#.10 O ��� beam dump � ! � radiator
� A � �MP ! ��	� 5�� � � �������S3�� � �

� �	��e,$ C , � ����� 0 O ���.��� � �?@�D � S W �=� "�$1&,(Je,+���)�� c �/. !	� �����8 S4� "�$�&.( * e+��
��� � M@$ �	� 9 4.23 S � 1mm/3mm 750MeV � A region( @�D � )�
E region( � "�$�&,( * e.+ ) ��dOF1e ���\T?U�V-W2,1��I�� LS wide �'@-9�� 9 @��� "! � @

9 W1_ S � E region �-dOF�e � ( � "�$ &�( * e<+ )
!

LS wide
�

200keV ���#� � "� � ��$ �%'& D�(*)�7 � ��+��*),�A7BO*-/. $�0 E<$/1\�2�e�3"-'D?9�7 � S�	4)H�-� "�$ &)( * e+	-
$ � %5& D-917 � � � 0 )6� � � S 7 N � ! 8 �8)	� 9 4.24 S LS wide S�9�:*-�J) ��� � 0
� � n-w ratio vs LS TDC -H@?9�� wide cut -%�'O ��T�� E-region �-dIF#e � G � A-region �-d
FAe	� G�� ��� N(E-region)/N(A-region) � � F����O�#"/$1&�( * e)+�� F\V � � 4.1 S @?9�� CsI

500MeV � 1mm/3mm 430MeV 750MeV
�,! � "�$�&.( * e�+6- � �AS����-9
)J7 � � � 0 �;�

1100MeV
��! �I"/$1&�( * e,+�7F\V ! : �?S�:�� 5 �0�#)B���L&'O � � 20% �� � FYV�����$

9�)	�
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9
4.23: 1mm/3mm 750MeV � A region d2F1e � ( @�D � )

�
E region d2F1e � ( � "�$�&)( *

e)+ ) �YTJU�V�W�,���I (LS wide) � ��`0� E-region ��dMFAe	� � 8 )���< 9 W G �O� "%$ &�( *
e,+ !  "! � @-9 WA_ S 200keV �J� � O�=0����>�O8)�7 � ��+��2),�

wide
� "�� S W G � 1100MeV

= F ��! � "H$H&�( * e�+/- � ��D�9-7 � S ��? ����� � 1100MeV�0!�� ��	���� !�� 0 �,��	)���'&-7 � ��@�A-� "�$ &,( * e+6-�
	��BDC&7 � - M%$ )��-!#>
G � E-region � A-region �I� "�$�&,( * e+�- � ��E�>2S�F�G � �)�#)�	 � � A-region ��H���I
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4.24: wide S�9	:
-��)	����T�� � A region

�
E region �-dOF�e �HG5� tagging counter ���

D�� ��`0� E-region �?dMF�e	� � 8 ),� wide
� � ")�Y���27�S W G �M� "%$1&�( * e.+��=F\V��

0P� 5 �27 � ��+��2)��
� � @�A E-region( � "�$ &,( * e.+ ) ����I4-�
	��B C�7 � � � "�$ &)( * e<+	-1D?9�7 � �#Y
Z � 8 )���7�7 � ��� "�$ &)( * e.+P�T�� c � �'-�3��%7�S[� 4 S�	�5 ��� O 0 � E-region SW ) F�G ! E�> � 8 )��A7�� � S �,� � ! � direct subtrunction ��� B�D��2� � F�G4-�94)	�

= G W G � A������#[
	���-�F��") ? � � "1$'&0( * e,+�-8D�9����S 8 ��� X�G ����5-�9'),�
(1) �I"�$�&)( * e,+,�-dOF�e � -�@�A
	��BDC � (direct subtruncion � )

(2) �I"�$�&)( * e,+6- LS wide - .65 ��D-9�� (wide cut � )

(3) 5 � 9 -����%L�+�(2),� (wide+direct)
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4.6 ������������	�

�� @�D�����)������ � �����������Ye��,��� �2- �"!�# �J@�D �4���1[�	� η -�F ��)	� �
[ 	��$?@�D �'� multiplicity �D5 = � �&%�I���� �&'@E�(�e)%�I��&* +�: µ -�F � � �*&&,�� �
η = 1 − e−µ S.- G F �5)	� / 4.25 S � wide 0[�������1�2��e��	-�3�� �14�)65�� multiplicity

%�I
-87?9�� direct subtruction �5��@�D������A[�	�1$ � multiplicity(A region)-multiplicity(E)

0�F��5)	� / 4.26
�:9

4.3 � 4.4 S CsI
�

1mm/3mm
��; C6�&<'�<�S�=�>5)&' E?(�e@%�I5��*

+�:2-J> � ��)	�
���A���2���Ye���� multiplicity $ ��$ � %'&�B 5DC"�A0 � direct subtrunction -E�F!23 G�$ �
�6C24O3HGI- GKJ � [�	�� B � B 5	��4")	�'&���	 L1$6M 1% 0 8 )��

Eγ(MeV ) no cut wide cut direct subtruct wide+direct

91.5 0.233± 0.017 0.211± 0.018 0.248± 0.018 0.212± 0.018

134.1 0.273± 0.025 0.239± 0.025 0.284± 0.025 0.240± 0.025

175.3 0.364± 0.023 0.315± 0.024 0.366± 0.024 0.315± 0.025

217.7 0.453± 0.024 0.369± 0.023 0.455± 0.024 0.369± 0.023

255.5 0.392± 0.020 0.323± 0.019 0.393± 0.020 0.322± 0.019

292.5 0.474± 0.022 0.415± 0.022 0.476± 0.022 0.416± 0.022

328.6 0.488± 0.022 0.420± 0.021 0.490± 0.023 0.420± 0.021

363.0 0.444± 0.024 0.389± 0.025 0.446± 0.024 0.390± 0.025

9
4.3: HE� ��0�F �H! CsI

�2; C	�K<��<���N�D � ��[�	��� ��[�	���$ multiplicity � 5PO �
-K' EQ(\e)% R�0�* +�: µ - .=5	� 1 − e−µ 0ES�T.�F!��
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/ 4.25: N����
-����?��! ��� � LS � multiplicity %�R'���1[ 	�1$�' EQ(�e8%ER���* +�: µ -
.�4 1 − e−µ 0�� ��)��
		��%�R�$ � wide 0*���"�K�����Ye���-�3?�F!23�G��&%HR20 8 )	�
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Eγ(MeV ) no cut wide cut direct subtruct wide+direct

22.4 0.052± 0.053 0.063± 0.060 0.053± 0.053 0.063± 0.060

55.9 0.130± 0.019 0.147± 0.026 0.133± 0.019 0.147± 0.026

93.5 0.171± 0.024 0.161± 0.026 0.173± 0.024 0.162± 0.026

132.0 0.289± 0.033 0.259± 0.032 0.290± 0.033 0.259± 0.032

170.8 0.305± 0.031 0.261± 0.030 0.306± 0.031 0.262± 0.030

207.7 0.390± 0.031 0.353± 0.031 0.389± 0.031 0.354± 0.031

244.7 0.414± 0.030 0.399± 0.033 0.415± 0.030 0.399± 0.033

281.5 0.420± 0.031 0.385± 0.029 0.420± 0.031 0.384± 0.030

327.0 0.414± 0.009 0.372± 0.009 0.416± 0.009 0.373± 0.009

368.3 0.459± 0.010 0.407± 0.010 0.459± 0.010 0.408± 0.010

406.3 0.486± 0.011 0.427± 0.011 0.488± 0.011 0.427± 0.011

443.4 0.481± 0.013 0.423± 0.013 0.482± 0.013 0.423± 0.013

480.3 0.481± 0.013 0.420± 0.013 0.482± 0.013 0.421± 0.013

517.2 0.520± 0.016 0.466± 0.016 0.523± 0.016 0.467± 0.016

554.5 0.540± 0.018 0.491± 0.017 0.545± 0.018 0.492± 0.017

591.9 0.510± 0.019 0.469± 0.019 0.517± 0.019 0.469± 0.019

678.5 0.528± 0.013 0.477± 0.014 0.534± 0.013 0.479± 0.014

718.3 0.561± 0.015 0.500± 0.015 0.565± 0.015 0.501± 0.015

754.8 0.564± 0.016 0.511± 0.016 0.570± 0.017 0.512± 0.016

793.0 0.575± 0.017 0.513± 0.018 0.582± 0.017 0.515± 0.018

829.5 0.586± 0.017 0.538± 0.018 0.598± 0.018 0.539± 0.018

866.9 0.552± 0.019 0.500± 0.019 0.570± 0.019 0.502± 0.019

903.0 0.593± 0.019 0.540± 0.019 0.612± 0.020 0.544± 0.019

941.1 0.555± 0.019 0.528± 0.020 0.575± 0.020 0.531± 0.020

9
4.4: HF�E�H0����H! 1mm/3mm

�H; C	�8<�A<�� N ������[ 	��#� �#[ 	��1$ multiplicity �
5 O � -�' E�(\e@% R20"* +�: µ - . 5 � 1 − e−µ 0 S�T ��!��
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4.7
� ��� ����	�


tail region(Esample/Eγ <0.5) �F=F>#) �AN ��4- � ����! � � ���#e��	�'��
�����2<8%ER4- �
/ 4.27 ��7����@%ER�$ � γ �#��
�����2< B V�4 � � $	�������'� deposit $�V�4�������� NE���
4")	� 	),1$ �?�6< ; ���� !� -�5"�	#��	$ ����%�& B ���10 ,��H= G('�A�)�*+#��,HL?N � �
����%-& 0 ,.��4�)0/21)0 8 )���3K,�/21 γ ���4
������1< B ! C C5)��1�"! B 5"��'��5���	�
� deposit ��V�4.6IF-�87(9 B: G � deposit � ! 4;62F��87(9 B4<�= �H4 � ' γ ����
����;��<B

1mm/3mm 0�$ 400MeV 0�' CsI 0 $ 200MeV 0;$�>�?F���;7@�"C5),�1- G !�
�����2<0A20
$�'�$ � %'&�B deposit ��B � 4�6MFC�87 0�' deposit ��V�4!6MFC�57 $�D1C C C�50�24')6�E �HN����2- ���?��! � � � Inefficiengy region(Esample <10MeV) �������4�5�	
������1<K%
R � E region 0#���8����4��
������Q<&%2R*-�7;����/ 4.28 $�N ���4� ����� �"�6���*-4' /
4.29 $ wide 0	F �����2�2���Q��-6= � �6���
-�/2>	�24�)���G.� 1100MeV 0'��F �A�6�H���	�
�4HJI	��$�K�4�� 750MeV 0�JLK;
�������<0A10�$�F �A�K�H�H�	�1��HJI	� B K�4 B '43&,�O�M.'
G�� 430MeV 0�$�N C C�50�24#)�O
O � -CP(Q���� �-&�	R
- E�S5T0U 5"� � ��V�O

Inefficiency =
N(Esample < 1MeV ) with ncall

N(γ tagging trigger event) × (prescale factor)
· 1

ηLS

	 	80�' ηLS $2N��4W ��& 	R.' prescaled factor $ γ tagging trigger
T0X VK5�Y prescale Y�ZFG

0�[.V�O�\1S�]���^�%10HC24�Y"0;' N(Esample < 1MeV with ncall) $�' 10MeV O;_.Y.6�IC�87
9 T 9 = ��*�+���� � ��V�` �bac'�d	e 1MeV O;_;Y.60IC�57f9 T 9 = V�gihjP@Y�`�k10���l��
4�V�O CsI m ;on�p <�q6<4Y�,FL20 10MeV 0 ��lH!1J�Y T ' 9 4.5 ��' 1MeV 0���l !�JcY T 4.6

= -Jr1/ 4.30 �A7��	O 1mm/3mm �5�0� n �6��m ;on�p <�q�<�Y�,�LH0 10MeV 0���l�!?J�Y T9
4.7 ��' 1MeV 0 ��l2!�J�Y T 4.8 =.-sr�/ 4.31 �67;�	O
10MeV 0�Y�* +�$�'��!���4�.Y	
������1<8%ER B ?E�1��7 0�[�V 	�a Tct4u ���24;V�O"/ 4.32

� 10MeV O�_;Y;60I-�C7v9!YK*E+�/o1 ��lH!�Q�Ww4x�&cy�Rza0' 1MeV O�_�Y;6cI!�87v9�/{1 T
&E�"!�|!Y�} T 7;�	O CsI 0H$�'c~��!Yc�.�"0 1 �"C�5��H4�V�O 1mm/3mm 0 $ 2σ ���.Y��", B
[�V B��b� Y�'86��87 0H$�~�!Y��.����65"��4;V2J�Y B�� 4O
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/ 4.27: N �4W T ���1�"!�a � Y��!���	�.Y	
�����1<@%�R;O γ �!Y�
����;�2< B N�4�5 $'c�-�
���.Y deposit Y�N14;6"I��C7 B	� 4 B ' γ �!Y�
������< B K��DC!V����K,�'J�!�c����Y deposit

Y�B � 4.6cI-�87 B�<;= �H4!V�O
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/ 4.28: N �4W T ���Q�"!F5�Y A-region( N �4W ) a E-region( F������2���	��� ) Y������4�!Y	

������<&%�R!O wide cut � -4VLF��"���2��������Y�����$4/2>4��4FCH4O��� B F �"���������
�cY�60I��C7 0�'JG�� 1100MeV 0 $�FI�6�K�H�H���2��HLI�� B K�44O��;� 430MeV 0 $	�Ca�
�
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/ 4.29: N �4W T � �Q��!�a � Y��C�"�4�.Y	
����;��<&% R.O wide cut � -�V �	� T /2>	��4�V�O
��� B E region Y�6cI-�o7 ( F��"���2�1���Q� ) Y�
������1<K%�R�0;[�V�O�G.� wide

T /�>4�24
V���J � � 1J�' 1100MeV 0�$	F �"�����Q������H0I� B K 4�O � � / B CsI 0.'�36,HO�M B
1mm/3mm 0;[.V�O
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F?� �)�"� ���E� T�� P�� � !�l	Y�����kE04'	��
�!a�� � ,�V direct subtruction koa wide+direct

k�$�~�4�;��0����Q���H4�V�O6!��2��' direct subtruction k1$��4\4~�� B B � � C5J�H4�V�Y60�'
3�Y����4/81)$ wide+direct k B�� J���
 0�[�V�O��	\	~4��Y�� �A$'"!� E-region Y�
.�-7 n <
Y flatness Y�
1��<�/21"#%$��24�V�O �'&CP(' E-region Y;6"I-�C7 T �?��( �ca 	��?-�5"��FI���
�2�2����� T 3;��Y"0�[;V B '�3K,Q$H5*)�]���F��"�����2���1� B ��+.� ��V 	.a T-,*. a6���
4;V�O���/?��' E Y�/ (direct subtruction Y1032 � ) 054�V�-76@� flatness

B8�9 �E$�: P<;=5"�
46C241=�> � B [;V�?�l��'�34Y���@ T �	\~4�.��A�@��5A;V�O wide+direct kIJ�' E-region Y�6
I-�o7 T (�A	�BA.V B ' wide m7C.7 �ED!P ' E-region( FFC�G�HJI5K��JL ) Y�6cIC�87�JL/�C PNMO � A�V	Y�P;'��4\�~�%Q	}�R!]�SUT �WV	51?4O���\~���Y��3�Ca1X��5Q�'��-���4��Y1R0�Y4

I�Y%Z\[*]EX�� A;V�O�^ �' wide+direct kJP���l?�Q�W�w4x-&cy�R T 10MeV O�_;Y�_�`BP ��l5?�,�a T-b ��O�c
4.33 Q�' CsI Y�,5aJP�[ P(' ES147 d*e [22] P �;lB?	Q�W�w�x5&�y�R aL}*RfX�?�|�'�g�r Eγ =

750MeV P��l?�,�a T-b X��5A�V�O1?�� X�' Eγ = 750MeV Y�h���Q TDC i�� 5J�BA�V	/�5j?
Y�P�'�k�l4W!Y�m u Q n-w ratio P�Y�n1o65J�pbP '�cBk4Y�~�BQ�\Bq�~�!Y�n�P;[�V�O�r's�a�X
�Q�' ES147 D!P 9*t ]��N%A�|.��V	50�BA�V�O
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a _�`7Xc���-&�X�?�w	x.&0y�R*P�'J_*c1i 1MeV ��_�Y�60I.�C7 95P�q��7X�?c|5P�[�V�O error barT 4
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Eγ no cut wide cut direct sub. wide+direct sub.

(MeV) ×10−4 ×10−4 ×10−4 ×10−4

91.3 0.3254± 0.0381 0.2736± 0.0363± 0.0055 0.2758± 0.0367± 0.0998 0.2700± 0.0370± 0.0071

134.2 0.1865± 0.0279 0.1652± 0.0282± 0.0033 0.1654± 0.0283± 0.0752 0.1636± 0.0288± 0.0040

175.4 0.1095± 0.0160 0.1024± 0.0170± 0.0020 0.1006± 0.0176± 0.0688 0.0998± 0.0182± 0.0033

217.5 0.0735± 0.0114 0.0760± 0.0129± 0.0015 0.0706± 0.0125± 0.0414 0.0752± 0.0136± 0.0019

256.0 0.0681± 0.0119 0.0707± 0.0135± 0.0014 0.0627± 0.0137± 0.0350 0.0688± 0.0149± 0.0023

293.0 0.0519± 0.0098 0.0425± 0.0092± 0.0008 0.0435± 0.0120± 0.0261 0.0414± 0.0101± 0.0013

328.4 0.0332± 0.0077 0.0350± 0.0085± 0.0007 0.0289± 0.0095± 0.0026 0.0350± 0.0085± 0.0007

363.2 0.0378± 0.0094 0.0290± 0.0086± 0.0006 0.0338± 0.0114± 0.0026 0.0261± 0.0104± 0.0019

�
4.5: CsI m�� n�p Y�q�Y�Y	Q4W�wxC&�y�R!O�w�x-&�yR%Q 10MeV ��_PC6�I��87f9 T _` X

� �5&X�?�|BP�[�V�O

Eγ no cut wide cut direct sub. wide+direct sub.

(MeV) ×10−4 ×10−4 ×10−4 ×10−4

91.3 0.7584± 0.1171 0.4346± 0.0837± 0.0087 0.4838± 0.1207± 0.1230 0.4157± 0.0904± 0.0172

134.2 0.3784± 0.0814 0.2490± 0.0662± 0.0050 0.2826± 0.0916± 0.0690 0.2485± 0.0661± 0.0053

175.4 0.2057± 0.0500 0.1503± 0.0447± 0.0030 0.1265± 0.0660± 0.0208 0.1230± 0.0562± 0.0155

217.5 0.1106± 0.0335 0.0768± 0.0296± 0.0015 0.0972± 0.0418± 0.0303 0.0690± 0.0367± 0.0051

256.0 0.0619± 0.0271 0.0416± 0.0237± 0.0008 0.0265± 0.0427± 0.0816 0.0208± 0.0370± 0.0104

293.0 0.0911± 0.0339 0.0404± 0.0227± 0.0008 0.0363± 0.0529± 0.0580 0.0303± 0.0322± 0.0055

328.4 0.0725± 0.0314 0.0816± 0.0358± 0.0016 0.0516± 0.0448± 0.0110 0.0816± 0.0358± 0.0016

363.2 0.1174± 0.0465 0.0726± 0.0377± 0.0015 0.0910± 0.0631± 0.0144 0.0580± 0.0510± 0.0082

�
4.6: CsI m�� n�p Y�q�Y�Y�Q�W�w�x-&�yR!O 1MeV ��_PC60I��o7v9 T0U 5 � �-&5X�?�wx-&

y�R P;[.V�O
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Eγ no cut wide cut direct sub. wide+direct sub.

(MeV) ×10−4 ×10−4 ×10−4 ×10−4

22.4 3.7022± 4.0944 2.5994± 2.7341± 0.2210 3.5625± 3.9272± 0.3258 2.5994± 2.7341± 0.2210

55.9 0.5291± 0.1025 0.3981± 0.0886± 0.0338 0.5091± 0.1017± 0.2422 0.3966± 0.0891± 0.0343

93.5 0.3506± 0.0719 0.3281± 0.0746± 0.0279 0.3416± 0.0726± 0.2594 0.3258± 0.0754± 0.0290

132.0 0.2433± 0.0445 0.2422± 0.0476± 0.0206 0.2403± 0.0457± 0.2030 0.2422± 0.0476± 0.0206

170.8 0.2475± 0.0447 0.2597± 0.0511± 0.0221 0.2436± 0.0462± 0.1596 0.2594± 0.0510± 0.0223

207.7 0.2053± 0.0346 0.2067± 0.0372± 0.0176 0.1995± 0.0373± 0.1534 0.2030± 0.0391± 0.0193

244.7 0.1654± 0.0297 0.1615± 0.0309± 0.0137 0.1616± 0.0318± 0.0909 0.1596± 0.0325± 0.0146

281.5 0.1572± 0.0302 0.1553± 0.0312± 0.0132 0.1531± 0.0329± 0.0594 0.1534± 0.0334± 0.0141

327.0 0.0985± 0.0067 0.0913± 0.0068± 0.0007 0.0940± 0.0074± 0.0389 0.0909± 0.0070± 0.0009

368.3 0.0619± 0.0051 0.0598± 0.0053± 0.0005 0.0609± 0.0055± 0.0264 0.0594± 0.0056± 0.0007

406.3 0.0413± 0.0041 0.0392± 0.0042± 0.0003 0.0399± 0.0046± 0.0154 0.0389± 0.0045± 0.0004

443.4 0.0276± 0.0034 0.0264± 0.0035± 0.0002 0.0261± 0.0039± 0.0141 0.0264± 0.0035± 0.0002

480.3 0.0194± 0.0028 0.0157± 0.0026± 0.0001 0.0179± 0.0034± 0.0074 0.0154± 0.0029± 0.0003

517.2 0.0158± 0.0025 0.0144± 0.0025± 0.0001 0.0134± 0.0032± 0.0054 0.0141± 0.0028± 0.0003

554.5 0.0104± 0.0020 0.0083± 0.0019± 0.0001 0.0074± 0.0028± 0.0043 0.0074± 0.0023± 0.0005

591.9 0.0162± 0.0029 0.0058± 0.0016± 0.0000 0.0132± 0.0037± 0.0019 0.0054± 0.0020± 0.0002

703.2 0.0090± 0.0015 0.0060± 0.0012± 0.0007 0.0050± 0.0022± 0.0018 0.0043± 0.0017± 0.0014

744.7 0.0056± 0.0011 0.0029± 0.0008± 0.0003 0.0031± 0.0017± 0.0011 0.0019± 0.0012± 0.0008

784.6 0.0055± 0.0012 0.0018± 0.0007± 0.0002 0.0045± 0.0016± 0.0008 0.0018± 0.0007± 0.0002

824.8 0.0045± 0.0011 0.0017± 0.0007± 0.0002 0.0029± 0.0015± 0.0044 0.0011± 0.0010± 0.0005

864.6 0.0033± 0.0009 0.0015± 0.0006± 0.0002 0.0010± 0.0015± 0.0023 0.0008± 0.0009± 0.0005

904.7 0.0085± 0.0016 0.0052± 0.0013± 0.0006 0.0049± 0.0023± 0.0021 0.0044± 0.0017± 0.0009

945.0 0.0092± 0.0017 0.0033± 0.0010± 0.0004 0.0047± 0.0025± 0.0030 0.0023± 0.0014± 0.0008

984.8 0.0105± 0.0020 0.0031± 0.0010± 0.0004 0.0032± 0.0030± 0.0044 0.0021± 0.0015± 0.0008

�
4.7: 1mm/3mm Y�Q�W�w4xC&cy�R.O 10MeV ��_;Y1_�` P-6cI �o7v9 T ��l5?�h�Y�|BP;[�V�O
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Eγ no cut wide cut direct sub. wide+direct sub.

(MeV) ×10−4 ×10−4 ×10−4 ×10−4

22.4 18.758± 21.622 12.378± 13.720± 1.052 17.812± 20.760± 0.369 12.378± 13.720± 1.052

55.9 1.4699± 0.3381 0.9586± 0.2572± 0.0855 1.3429± 0.3449± 0.2247 0.9490± 0.2631± 0.0854

93.5 0.5580± 0.1640 0.3831± 0.1332± 0.0356 0.5154± 0.1773± 0.1818 0.3691± 0.1433± 0.0390

132.0 0.2501± 0.0819 0.2247± 0.0810± 0.0191 0.2380± 0.0917± 0.0812 0.2247± 0.0810± 0.0191

170.8 0.1882± 0.0718 0.1820± 0.0761± 0.0161 0.1586± 0.0888± 0.1242 0.1818± 0.0761± 0.0156

207.7 0.1649± 0.0634 0.1139± 0.0534± 0.0103 0.1050± 0.0886± 0.0667 0.0812± 0.0733± 0.0247

244.7 0.1378± 0.0594 0.1420± 0.0625± 0.0124 0.1032± 0.0810± 0.0538 0.1242± 0.0786± 0.0203

281.5 0.1241± 0.0603 0.0888± 0.0516± 0.0077 0.0828± 0.0864± 0.0360 0.0667± 0.0722± 0.0177

327.0 0.1041± 0.0162 0.0558± 0.0119± 0.0006 0.0703± 0.0230± 0.0283 0.0538± 0.0138± 0.0014

368.3 0.0502± 0.0112 0.0382± 0.0101± 0.0004 0.0424± 0.0148± 0.0235 0.0360± 0.0122± 0.0013

406.3 0.0426± 0.0107 0.0307± 0.0094± 0.0003 0.0319± 0.0151± 0.0140 0.0283± 0.0117± 0.0013

443.4 0.0378± 0.0106 0.0235± 0.0086± 0.0002 0.0283± 0.0150± 0.0141 0.0235± 0.0086± 0.0002

480.3 0.0454± 0.0121 0.0140± 0.0068± 0.0001 0.0377± 0.0162± 0.0088 0.0140± 0.0067± 0.0001

517.2 0.0363± 0.0109 0.0170± 0.0075± 0.0002 0.0155± 0.0175± 0.0272 0.0141± 0.0102± 0.0014

554.5 0.0302± 0.0101 0.0147± 0.0071± 0.0002 0.0082± 0.0170± 0.0018 0.0088± 0.0111± 0.0028

591.9 0.1083± 0.0227 0.0306± 0.0115± 0.0003 0.0851± 0.0299± 0.0019 0.0272± 0.0147± 0.0018

703.2 0.0402± 0.0092 0.0181± 0.0063± 0.0020 0.0017± 0.0162± 0.0081 0.0018± 0.0112± 0.0020

744.7 0.0297± 0.0080 0.0057± 0.0021± 0.0006 0.0070± 0.0136± 0.0084 <0.0062(68%C.L.)

784.6 0.0340± 0.0090 0.0081± 0.0043± 0.0009 0.0262± 0.0124± 0.0021 0.0081± 0.0043± 0.0009

824.8 0.0349± 0.0092 0.0127± 0.0056± 0.0014 0.0250± 0.0132± 0.0257 0.0084± 0.0084± 0.0034

864.6 0.0177± 0.0025 0.0084± 0.0045± 0.0009 <0.0193(68%C.L.) 0.0021± 0.0079± 0.0009

904.7 0.0653± 0.0140 0.0328± 0.0100± 0.0037 0.0403± 0.0200± 0.0130 0.0257± 0.0137± 0.0070

945.0 0.0657± 0.0140 0.0188± 0.0073± 0.0021 0.0236± 0.0218± 0.0260 0.0093± 0.0116± 0.0064

984.8 0.0702± 0.0155 0.0234± 0.0086± 0.0026 0.0073± 0.0254± 0.0126 0.0130± 0.0134± 0.0074

�
4.8: 1mm/3mm Y�Q	Wwx�&�y�R!O 1MeV ��_�Y�6cI �87(9 TcU 5 � �5&X�?�| P;[.V�O
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5.1 	�
��������������� �����
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5.1: ZO[#\T] ^O_#`ba tail cda5eOf+g Y#h:i'jlkbmFnOoAp�qTr?s;t;u�v/wyx{zA|'} 1mm/3mm

1100MeV ~?��� k�m%nlo+pAqTr sKtO�?�+�-m+�1t5�+���A| aO� tail e��/�A��~ multiplicity � �� z?|?} �'� �Bm'��� �F��� flat
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5.2 �����������
	�� ������
$������5P5Q�" tail region(Esample/Eγ <0.5) P LS � k�l������ � ��� PA"����! !"#� � $�X$ *&%��<,�'�m)( X �+* ��,.-0/ � @!�'*&%��<,V.21�"����3 3"���4.5!67'98�:�i#; � 1�<>=?;��,�@BA E �>C3D!E3F#G�H+I>J.F (γ tagging trigger) �'*K% �y, .L�&MON5$?'�PLQSR�".T���:.UV�W RYX�Z ,

(tail − to − total ratio) =
N(tail with neutron)

N(γ event)
∝ σphotonuclear interaction

σcascade shower[
5.2 P#" tail-to-total ratio '\4�5�62��]��_^>` ,_a�b ')c)d!1�egf�c�d * ��, �h�2�hi LKj M?FV
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Vg�+� � $g� P7" tail region(Esample/Eγ <0.5) k�l2P)*�%��-, Vg� q ��g� V CBs / d * � $�� '��!(�}�q �),
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5.2: tail/total ' ( �)�h h"3�)4K5�6 )/( H)I�J_F���4�5h6 ) ��]�� , l [ V CsI "�� [ V 1mm/3mmPg�3� � ]�� [ =�"��!� V 4�5!6#��]>=>; ��,
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5.3 Miss tagging rate � BV counter ������� �����
	�����������
��� ����� j � deposit ��� *�� ��� � �! '�P�Q#R#"%$!&('�)+*#�-, � � ��1+"�.�F0/2143��~65 ��798;:�<+1>=.�>G V�? * $��A@+B�C =>; �! ' 1+"K`h=BP;D>EBc $ ,! + =!1+" �4FBPG.gF
/G143�� ~!H �-7I8J:�<214=��?G��LKGM �K, 7N8;:�<214=��?G_1+"��h���;O W ��PNQSR �%T2U tag

sigma
VWV O�cKd * � �gPYXK:�sIQ�<4"\�4F��h� VWZ d *;[ 3_%��]\ =>; �%^ Q�"\T?�#Q?N9P)(!_= � ��,

miss tagging rate =
N(Esample < 1MeV )

N(total event)[
5.3 PG";`?i2a j>b Fg��m?� miss tagging rate � tagging counter c4dGeS�)^+` ,�aSb '�c.d14"hz�����iGa jfb F V � * m�14" tagging counter ���!gWh V4iS�kj [ / d3� Rl"�zh�#��i4a jb F V+m * m�1Jn?P tagging counter �)l+gWh VGiS�]j [ / d * ��, miss tagging � ~  ��po4q 'cKdB14"-r3Phz��tsvu.zh�3n4O WgV!wY50x 'Sy � Q q V "  qS�Lz+{>` � $g� P E+ counter � *q+d * ��,
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5.3: miss tagging rate
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T2P+"��?P;7 8�:-<G1f=.��G��_% j � m * 1100MeV ��m3�+" BV counter PBH!<�� j V ; / $m!���S�_� j � deposit
V

10MeV kB�+�hi+a j2b F��	�S� [ 5.4 ^>` ,G q214"�
�� BV counterV
miss tagging ��� j z!{Lc�d * �L^ �&^Lc�d * ��, �2P E+ counter

V
0MeV P!1 * � 7�8�:

<21>=��?G�� ? j o�c)d * � � V s ^L��,( � a�b 1
g��iGa j2b F��3m(X��	��=+; �),

0

2

4

6

0 5 10 15 20

ID
Entries
Mean
RMS

          10052
             77

  56.66
  65.06

AU

0

2

4

6

0 5 10 15 20

ID
Entries
Mean
RMS

          10053
            150

  52.84
  58.39

AD

0

1

2

3

0 5 10 15 20

ID
Entries
Mean
RMS

          10054
             28

  74.50
  59.53

MU/D

0
0.5

1
1.5

2

0 5 10 15 20

ID
Entries
Mean
RMS

          10055
             15

  42.78
  42.27

HU

0

1

2

3

0 5 10 15 20

ID
Entries
Mean
RMS

          10056
             68

  70.02
  60.50

Esample(MeV)

HD

0
10
20
30
40
50

0 5 10 15 20

ID
Entries
Mean
RMS

          10057
            465

  60.68
  62.18

Esample(MeV)

E+

[
5.4: ` BV counter PBH!<�� j V ; / $ m>�����)� j � deposit

,
E+ counter

V "�� Xp)G*��P;$+&('-)!*����	�2P�1 * � (Esample<10MeV) 7�80:-<>1G=��+G��&o+`  ' V = � ��,
z�� s uhzh��n+O W [ 
g�!.�F0/21!3!� ~!H ��798A:�<G14=g�>G)���+� � $g� P+".t�e��!&('��

(LS) �\M / d2"��  PBHW<�� j ���2,2c�d * ��,> �gmA7 8J:�<G12=h�2G_14" tagging counter '
LS � accidental coincidence =B; �), �  = [ 5.5 P+" E-region Pf3�%#� \ V ; / $ m!")` [ sSp
LS =+t�eh�0'����L} q � 3�%��]\ V ; / $ m!� BV counter �23\%#�]\ ���_^B` (Eγ=1100MeV)

,
 q�1G" 
!� BV counter

V
accidental coincidece � ? j z4{Lc�d * ��^ ��!#"?c�" AD counter�f3&%��k\ � V!? * � V s ^L��, accidental coincidence �;O$� ��% C�&�'>/g1hT�(+=h^+` ,) ' � � '�"A7 8�:J<>1f=3��GKP [ � 3�%L� \91 miss tagging c $ mBP LS ' coincidence

V
; Rl"�*2P+�!�23)%S� \�1+tAeg�#��,	- (A-region) P�.NQ [ j dB1 * � [>* , BV counter /	0!"
E+ counter 1W$+& '-)+*$/��	�1/A7 8J:;<>1f=g�?G��32NQ_`+/!PJ)	4#�g=?; R " AD counter 1
tagging counter ' LS / accidental coincidence 5�z!{Lc�d *6  ' V s ^ / $ ,
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5.5: E-region( 7 80:-<21>=g�2G ) PY3&%S�k\ V ; / $ m+/!"J` BV counter />3K%S� \l� , 3%��k\ �21 BV /gv.w!k3l1/�w+=?; 6 , AD counter

V �9X accidental coincidence 5�z+{Lc�d *6  ' V s ^ 6 ,
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5.4 accidental coincidence �����
7�8J:0<Y1Y=!�#G�5-KYM 6 $B� Pg� �h� j 5�� ^ <#P���� 5	� / $ ( k2� calorimeter empty

run)
,4 /gmN\�
��F�1 tag sigma ' LS / coincidence 5�M / $ , ���&� j 1�� * d *�[B* /h=2"`;M!d /23\%�� \ V accidental coincidence =>; 6 , z�� /�i+a j2b F 750MeV =3; 6 ,J q ^ Q "

LS ' tagging counter / accidental coincidence 5���c j K!M 6  ' V = � 6 , [ 5.6 PW"��kX)C68
\ 5�� � d *W[>* n-w ratio � LS TDC /�82: [ 5&^?`��  /	���g=B12"3t;e��	, - (A region)P X+3�� �k\ V4? j d��2` 6 �  q�P2" BV veto 5 soft �BP���q �(X�/5 [ 5.7 P.^?`!� BV /
cut =2" ^ [ R�/f3���� \ (accidental coincidence)

V 2 / d�� 6 / V s ^ 6 �B}+Q_P+" LS wide =
E region 5&oB`LQSN PBC(8>\ 5"� � ��/ V [ 5.8 =+; 6 � wide C 82\�1��2P A-C-E region "gZ )R n-w ratio /A���63"���k\ 5&oSc)d#� 6 �BC(86\9P�Q�R 2NQ)c$�f3"�S� \ �214" BV cut � n-w

ratio =��&%�'>=>; 6 �
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5.6: calorimeter empty run P��3� 6 n-w ratio � LS TDC /K8�: [ �

[
5.9 P+" BV counter ( ��/>3"�S� \ � 5&^>`��  / [ ^ Q �?P AD counter

V
veto ��c�d��j ))�hd#� 6 / V s ^ 6 � AD counter 14")���K� j Phe!*,+)�	- � Pg� ^ q.��/!�(.�F�/+5�01
% F \ ` 6 � � / counter =�2 6 � [ 5.10 P LS />3&��� \ ��� 5�^?`�� LS /�l!g+h1/233��� \

� VW? �,��465\d2" accidental coincidence / wY5 /.e3Z,7 [ 5.11 P�^>`LQ�N P+"�8�F39N82\;:#�
/3<1/3=�>BP�Q 6 multiple scattering ?�P�Q!5&dA@ V 5	�B/$�?PLQ 6 X�/ x � y � Q q 6 �k>l#P QSR " BV+wide C]8f\ /�C 4 A region P�72" 80event

V�D 5	���  q 5�.�E?z,�4� 5M65_d @3A�F ` 6 ��" 8.3event/109electron � [16 �  q�74" tagging counter � LS / accidental

coincidence 5 ~  `�G4*IH#2 6 /BH2"%7 8A:�<G12=��#J�7  q�P miss tagging rate 5 ^ �KqIK�L
�!��� �2Q#N9P4"J` run H2t�e��4� 53.,E+z$�+��H�M�N F `�qAK6"A7 8�:-<21f=g�AJ���� j�O,P
'BH � 6 �  /3C+4 5�Q 5.1 R�^+`$�J` run / E-region

^ QL, � �-7 8�:A<216=g�AJ ( Q 4.1) �
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5.7: calorimeter empty run � BV �������
	������� n-w ratio  LS TDC ����� �
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5.8: wide ���"�� BV ���#���%$'&���()� n-w ratio  LS TDC �*�#� ����+ �-,�. Aregion
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� M��2";���4a�� b�� h)7,L j
	 5�����#"����#�,R X����B7#2�5��#� 6 �
����� � (Ee) �Ae$�4� (signal) � �"!$# 6 7 8�:-<21G= � J�� �%�

(Ee) (Esample <1MeV) 7 8�:A<21G= � J � (E-region
^ Q%,&I�(' )

(event/109electron) (event/109electron)

CsI(500MeV) 14.5 0.174 1.2%(1.4%)

1mm/3mm(430MeV) 36.7 0.27 0.7%(0.7%)

1mm/3mm(750MeV) 3.0 0.068 2.2% (0.8%)

1mm/3mm(1100MeV) 0.7 0.089 12.7% (24.6%)

Q 5.1: calorimeter empty run
^ Q)���"!�# 6 7�80:A<>1f= � J	�"�%����-e��4�A72" �*�+� �

/ deposit / 10MeV ,�-/63"� � \ � 5�. /10$�('�H#2 6 �

10 3

10 4

1 2 3 4 5 6 7 8

beam veto counter

ALL AU AD MU/D H1 H2 Eplus

2
5.9: calorimeter empty run H BV counter /3 86\ /%45' , 6#/ hit � �)��7 �98�
�/f3"� �

\ O AD counter RI2,�.5���� 6  � O�:+^ 6 �
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5.10: calorimeter empty run R � � 6 LS / hit ���A����� O BV R�3(8G\ 5"���I�	�#/G3�� �
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5.11: BV counter / hit ��� � LS / hit ��� ^ Q�
� ! # 6 " tagging counter � LS / accidental

coincidence /0O#� 6 o+q � multiple scattering ?�H,/$� O @ O 5	�,��&�R���� 6 �
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5.5 ���������
	����������� �������������
 + H�74" LS / �Ga5� b�� (wide)

O
over flow R [16��! [ �#" � m �Ga(� b�� /%$��AR ��6

798;:�<G12= � J�5�y#&�' 6 � LS / over flow 74" ��e$�$5)(G,*' 6,+ R,7%- 0���� 6 /�H4"/.GF
R;7 8�:A<21f= � J�R [$6  ��7 [ � O " ��/ 3 86\�R � � 
(# 7+
�/A7 8�:A<21>= � J�50-10
�I� 6 ^ 5"G21�' 6 � m �Ga�� b � [ $,� /���� �(0���7+"4365 � O y�� Q # 6 �7325 �A7 LS �
H .�/ 30MeV %�'#/ deposit 5,' 6 /�H>" LS ADC HI77 � 8 
 O over flow H#2��l" ) � +68
�,R X49#:)R j 6 ��415��2"%365�� O LS R�2����l" tagging counter � coincidence ' 6  � H>"
7 8�:-<21>= � J"R [ �<; 6 � )/= ",>#/0?6@#/f3�� � \ 5 pick up ' 6 (

2
5.12) �

• LS / overflow 3&� � \ �
• LS / +28 � / flat
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0

500

1000

1500

2000

2500

3000

3500

4000

-60 -40 -20 0 20 40 60
LS TDC(nsec)

L
S 

w
id

e(
ke

V
)

γ

1mm3mm Eγ 750MeV

�
5.12: LS TDC  wide �%�!� �)� box ������� �7C6D'�FE� ��HG TDC � overflow �JILKNM �OQP2R �'�' (Eγ=750MeV 1mm/3mm)

�
S �0C2D'��G LS � hit T6U��WV� # � 5.13 �!XHY �#Z� � LS �B[]\*^ (us3 G us4) �FI7K_M �` �#acbed�fhgLi%�2j � �'�' �()� LS T*U (

�
4.20) ek
�"�' �Jl �#G calorimeter empty � (

/Fm�n0C2D'� O flat �*Z 1 �#�! �,o 1 �FG S �JI7KNM � / off timing �Wp2q
�6rsM7t*u��Jv��w G + � ("�6dFfFg,i��Bx]y
� LS �Fv��!1 �
�� S -�LzH{#|� � S ��(
� LS � TDC T6U���
5.14 �,}F| � S R X w G%~J���%uh��i4��q#��X  accidental coincidence ���Wi � �6�]�'� �7G�
5.2 �!X�Y �#Z� � �%�#/HI)K_M � ` �*��I)�_�#I%���]� R6� X �%�HG γ tagging trigger Z
�*�

prescale factor �4�!&��'�# ����B� / LS �7�*\JG0[W\���/,�6�2�#�6xB�#�,T*U�	-�"�" */B���hE# $��4G)� O ILK_M�� ` �� Z�� LS �hI/K�M�� `]�2� �L�#q (
�*�]�

) �FG �)�)� LS �%xW�"�2v �)1 ���" 
e¡B¢2|! � £#¤
� LS /Wr_M4tBu run �)/,� O �#\�� LS(us1) ��G calorimeter empty run ��/,� O [B\#� LS(us4)

�hE" ��+ R X w¦¥6§ �hI)K_M��L�7i � O �!¨ �0}�	%�
�" � S � `#© / flat ª]TH«FI)KHMs¬L�7i
¬«,��® ©N¯ z�{F°��
�! �
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LS ������6����	��
� 20cm×30cm ����� ������� ����03h5 ��� 1event/(100cm2 · sec) �� �����	
��/'�
 �!� LS �#"���$ 60Hz �% 
�& LS � self trigger
� �'���(�� single rate �B3

5����) �+*-,!. 
/� LS � 1 trigger %#0 �21%3�5 ��� �43 � *-, �5
76#81 � 
9&�: # 1 DAQ

� */;=<�� ) �>*?, � � #/@ �7.�A/1,3h5�B�� �93�C * � DAQ 1 ��D!E ���GF+
/)'H * 1 � 
�&
( IKJMLNFM
 3h5�BM)�H * ) = (LS1trig. %�0�O<3�5KB#��PQ
?6#8 ) × (readout rate)

= [60Hz/(LS single rate)] × (readout rate)

R
5.2
� OTS�U�V�W/X�H?Y�#���)325ZB ��)9H * �-[\�^] D?E�_ 
	��?`�U#V�W/X�H4Y���aZa�bc � � D-E/_ 
�&�:dF��� flat ��eZf���g�0 us1 1�h�ijB#kKl��4mon'p9q�r�s C�t ,	u �^v D-E/_


'0Zw#1/� flat
��xZy � over estimate 1 � D	E�_ 
�dzK{|L}FM
�&~ �!w�
��9� LS � over flow ��K�#����1��Z� ��x#y � �93�C * )'H * � ��h�iZB���I�JM)'H* �-[�������g�0K& :7F �/� over flow �#�Qn * 1Q��O�h�iZBK������monjp�q�r/s C�t ,'� y 15�

g E�_ 
�:� ,!� � g E�_ 
'&
��C�� W accidental )�H * accidental )'H * I#J|LNFM


( �Z��U/V�WXH ) (all event) (maximum flat component) h�i�B�)�H *
CsI(500MeV) 1.2 Hz 0.34 Hz 0.30 Hz

1mm/3mm(430MeV) 0.70 Hz 0.18 Hz 0.23 Hz

1mm/3mm(750MeV) 3.1 Hz 0.47 Hz 0.18 Hz

1mm/3mm(1100MeV) 12.7 Hz 3.1 Hz 0.17 Hz

R
5.2: LS �KU/V5W�X H���b c � (3MeV k/� ) �#���#��1��Z� ��x�y � �!3�C * )'H * &'h�iZB

� ��� LS 1��	�/��1 hit g E�_ 
K�K� %�
9�����'�M� ��3�C *2� �'� � _ LS � , e�f��5g E
maximum � flat component �Z �¡�gZ0 �'� , R�¢ 1'£Qgj0#&
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5.6 direct subtrunction �������
� �	��
�¡�K8 ,�� w 
���1K� A region � �93�C * �+� E region � �43�C *-,������ g�� _ 0�&
�����Z1�� E A region � E region � flat ��� ����� accidental

��	3 C * �/���Z��1j� E �'��1��EK_ F�@��?:!���� ���!#"!�#%/
4&}(K:	�#� calorimeter empty run
,%$ DGE 6Z��w�
4&N(j�&�' , �

5.15 1�£(��& B-D-F �Z� N(F region)=(60.7±1.9)event/nsec � N(B region)=(64.5±2.1)event/nsec

� 1σ �Z�5��g E/_ 
!& A-C-E �K�#� N(E region)=(3.3±0.5) event/nsec � �	3�C *�� � 54event �
N(A region)=(5.1±0.6)event/nsec � �!3�C *T� � 86event ��%MO � 2σ �*),+���� flat � _.- 
�&
flat 1 � � � _�/10 ��� ���2� accidental coincidence � �K�K��1j����� � _�354 �.6+� ���5g E
��� spill time � flat � � _ 0#w#1 accidental � �!3�C * � hit ��
?687��� trigger �'�K�Q
��#�
��9 (E-region) �;: (A-region) � � �8<>=�
'0�w��Nz#{+LNF|
9&*?�A�� � 5.16calorimeter empty

run � spill time �.@#�/��OG1 � D4E(A O��CB D4E trigger �D: (A-region) 1 accidental
���43�C

* ��P+
?6(7���b c � � D4E�_ 
5& :j� flat �M�9�CEZF��/� � �(�8
�¡��(7��CF8G8H � 1 _ F E_ 
'&
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5.7 � �������	��
� ��������
� ����
�	
�¡��7���� ������� � _"!�# ��C!� W%$'&�!($����)��g E #+* $�?-, . $ / g10K�32�4'5	H6 H7$'UjV!WKX#H y-879%: £	�<; � 5.17 =�UZV4WZX�H y<8>9 $�UjV!WKX#H@?-A1B : £	�<; 1mm/3mm$�UZV9WKX�H y-879 � 5.5%/

√

E(GeV ) � � ~ D 01; CsI � 1/
√

E =7��B � E 1/E0.7 !-C DFEHG<I nE . # 1.6%/E0.7(GeV ) � � ~ D 0-;
1mm/3mm = � g E ��JLK�M"N�OQPS�-R�g E/_%S $7. # J �3$ PMT $ deposit $'TVU : � S+*�W=���OYX Z yV8V9[:'\  �. c S ; � 5.18 =1X+Z yV8-9 $jU�V5W/X H]?3A3B : £ �<;ZU/V'W/X H?+A-B�� \+^ 1/

√

(E(GeV )) =DB _<# 5mm/
√

E(GeV )+5
:W_ 0+; ~ 0 # ��C9� W($ deposit �'`$ ¢ U+N�O]$]a bc$�d � �}£+g"e _�S ;
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CsI energy resolution
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P1  0.5476E-01  0.2289E-04

1mm3mm energy resolution

�
5.17: CsI � 1mm/3mm $ZU�V'W�X(f y 8V9 ; CsI � 1/

√
E =.B � E # 1/E0.7 ! C(DgEhG(I nE .�icj�0+;
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�
5.18: 1mm/3mm �(2 415�f 6 f $1X%Z y�8�9 ; ����� . 3.5mm .[i S ; ~ 0 �����	� $

deposit � ¢ U3N O'$DE�
 $�d � �d£�g"e _%S ;
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�
6 � � � �

6.1 K0
L → π0νν ��� �	��
�������

CP ���VAc$��K� $ 8�� ���������c$�
��c$+0� # K0
L → π0νν !�"�#�$&%�'�(	?3, :*),+.- e/ S ;103254(=<��6 2�4'5Wf 6 f : $87 !�#:9<;*=?>�@�A �CB $ / 8 $+0, +=-� # 6 2F4'5Wf 6 f$ED&F�G�0H2?I87 :KJ�L =NM S1O�P3! i S ;` * .,Q�R�S .3� # CsI 6 2F475 f 6 f[� 1mm/3mm T �VU 4 � > 6 2�4�5'f 6 f+$WD,F�G�02KI�X : '�( # 8�Y :5Z j�0+;

6.2
���

[ ,(� KEK \*] $ 1.3GeV ^�F`_ � = 2 E 2 � . Z j"03;-KEa � - e�� # 6�2 415"f 6 f-=
deposit

! �8b # NCc,d�e3=,f3Z - 0Ng��`_ �Vhji f 6 f (LS) =Ck�B�F : Pml�n[S * �h. 9o;W=>C@mA �pB>:5q�r.- #*s = [ ,�tV=NuCv SwO�P $+i S D,x�y�z�{3|V$ED&F�G�0H2VI�X : uCv%0+;
6.3


�}�~��
8�Y $N��� #N� 6%2 475"f 6 f ��� Eγ >100MeV .�D&F�G�0�2VI�X ! 10−4 �m� = ��� # CsI. � Eγ >200MeV . # 1mm/3mm . � Eγ >330MeV . 10−5 �m� � / 7 ��� :'_ 0+; 8�Y�� .� �w� - N�j"03$<� 9�;W=?>m@mA �mB =N� ncS���� . # Q 8�Y . � LS wide =.� S 6 ;%E � # off

timing(E-region) $p� C � E :N�&����-�� b ��� : n)S * � =�� � #V9�;W=*>p@CA �3B>:V� ���/ 0V;
6.4

~�� �:� �
Q�R�S�=`� � # 6 2 4>5 f 6 f+$NG&032?I�X :�¡ 2 - 0 * �@. # K0

L → π0νν !&"�#C$W%&'�( [, !m¢ #C£ 9 .%i S3* � :K¤�- 0+;N¥[$ DW¦j; U � # `V$ � :K§ j e J�L = 9�;W=*>C@mA �pB7:)E¡ ncS3* � !�O�P . i S ;
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